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Abstract

California currently has several legislative iritias that promote increased alternative fuels use
to reduce oil dependency, greenhouse gases, anghodution. CARB is conducting a
comprehensive study of biodiesel and other alter@atiesel fuels to better understand and, to
the extent possible, mitigate any impact that l@sdi has on NQOemissions from diesel engines.
This memorandum summarizes the results from tist fest engine, a 2006 Cummins ISM,
under this comprehensive program. The testing dedua baseline CARB ultralow sulfur diesel
(ULSD) fuel, two biodiesel feedstocks (one soy-basé one animal-based) tested on blend
levels of B5, B20, B50, and B100, and a renewahtta GTL diesel fuel tested at 20%, 50%,
and 100% blend levels. Testing was also conductedip to 4 different engine test cycles
including a light loaded UDDS cycle, the FTP, artdmMph and 50 mph CARB cruise cycles.
These cycles represent different operating conditiand low, medium, and high loads.

The results showed that average Ngnissions increase with increasing biodiesel blendl,

but the magnitude of the effects differ betweendifierent feedstocks. The soy-based biodiesel
blends showed a higher increase inNMissions for essentially all blend levels and ¢gsles

in comparison with the animal-based biodiesel lbdendhe trends for other emissions
components were similar to those from previousisgjdvith biodiesel providing reductions in
THC and PM, while increasing fuel consumption. Q@issions showed consistent reductions
for the animal-based biodiesel, but not for the-Baged biodiesel.

For the renewable and GTL diesel fuels, the resiitav a steady decrease in Nénissions
with increasingly higher levels of renewable diefgl. In comparison with the biodiesel
feedstocks, the levels of NQeduction for the renewable and GTL fuels are liss the
corresponding increases in N€een for the soy-base biodiesel, but are more ambfe to the
increases seen for the animal-based biodiesel ®léfds suggests that the renewable and GTL
diesel fuel levels need to be blended at slighidyér levels than the corresponding biodiesel in
order to mitigate the associated NiBicrease, especially for the soy-based biodieselds. The
renewable and GTL fuels also provided reductionBMhand CO emissions, with the GTL fuel
also providing reductions in THC. The renewable &%l fuels provided a slight reduction in
CO, emissions at the higher blends, with a slight,rhaasureable, increase in fuel consumption.

Several N@ mitigation formulations were evaluated, includihgse that utilized renewable and
GTL diesel fuels, and additives. Successful formoies included those with higher levels of
renewable diesel (R80 or R55) with a B20-soy biselieBlends of 15% renewable or GTL
diesel were also proved successful in mitigating, ¥ a B5 soy blend, giving a formulation
more comparable to what might be implemented wheh Ibw carbon fuel standard. A 1% di
tertiary butyl peroxide (DTBP) additive blend wasihd to fully mitigate the NQimpacts for a
B20 and B10 soy biodiesel, while 2-ethylhexyl rtgrg2-EHN) blends had little impact on
improving NQ, emissions. It was found that the level of renewadyl GTL diesel fuels needed
for blending can be reduced if a biodiesel fuehwrtore favorable NQcharacteristics is used or
if an additive is used that can also provide anrowement in N@, such as the DTBP in this
study.
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Executive Summary

California as well as the United States as a wislaaking a concerted effort to increase the use
of alternative fuels in transportation and otheraar In California, the legislature passed AB1007
that requires the California Air Resources BoardRB) and California Energy Commission
(CEC) to develop a plan to increase alternativésfuse in California to reduce oil dependency
and air pollution. The California Governor has a¢stablished aggressive greenhouse emission
reduction targets for which CARB has identified grital strategies such as biodiesel. Biodiesel
is an alternative diesel fuel that has the potémtiareduce greenhouse gas emissions, other
pollutants, and can partially offset our use ofpleum-based fuels.

Although biodiesel has been studied extensivelyr alre past 20 years, knowledge gaps still
exist and further research is needed to fully attareze the impact biodiesel has on oxides of
nitrogen (NQ) emissions and the effects various feedstocks hawveair emissions. A
comprehensive assessment of the impact of biodmsple 2002 engines was conducted by the
US Environmental Protection Agency in 2002 (US ERAQ2), which estimated that a soy-
based biodiesel at a B20 level would increasg Bidissions about 2% compared to an average
Federal base fuel. Additional analyses in this satuely did indicate that the impacts of
biodiesel on NQ emissions using a cleaner base fuel, more comiegatabthat utilized in
California, could be greater than that found foe tverage Federal fuel, but data was more
limited in this area. Researchers at the Nationahdwable Energy Laboratory (NREL)
conducted further analysis of more recent engind ahassis dynamometer test results
(McCormick et al., 2006). They found that the imipat biodiesel on NOx emissions in more
recent studies was varied and did not show a demsirend of increasing NOx emissions with
biodiesel use. The US EPA in a more recent stugdy &und that the impact of biodiesel on
NOXx emissions can be a function of cycle load, witeater impacts found at higher loads (Sze
et al. 2007). A number of researchers have alstiestunechanisms via which biodiesel might
impact NQ emissions (McCormick et al., 2001; Ban Weiss gt2805, Szybist et al., 2003 a,b,
Cheng et al. 2007, Eckerle et al. 2008).

In order to better characterize the emissions itgpat renewable fuels under a variety of
conditions, CARB is conducting a comprehensive wifdbiodiesel and other alternative diesel
fuels. The goal of this study is to understand andhe extent possible, mitigate any impact that
biodiesel has on NCemissions from diesel engines. The full test maifithe program includes
testing on 2 heavy-duty engines, 4 heavy-duty \ebjcand 2 off-road engines. This
memorandum summarizes the results from the fissteiegine, a 2006 Cummins ISM, under this
comprehensive program.

Test Fuels and Cycles

The test fuels for this program included 5 priméugls that were subsequently blended at
various levels to comprise the full test matrixCARB-certified ultralow sulfur diesel (ULSD)
fuel was the baseline for testing. Two biodieseldftocks were utilized for testing, including
one soy-based and animal-based biodiesel fuel.eTheds were selected to provide a range of
properties that are representative of typical femzks, but also to have feedstocks representing
different characteristics of biodiesel in terms cgtane number and degree of saturation. A

Xi



renewable feedstock and a GTL diesel were also fse@sting. The renewable feedstock was
provided by Neste Oil, and it is known as NExBThid fuel is denoted as the renewable diesel
in the following results sections. This fuel is guged from renewable biomass sources such as
fatty acids from vegetable oils and animal fatsaviaydrotreating process (Rantanen et al. 2005;
Kuronen et al. 2007). The two biodiesel feedstqckse soy-base and one animal-based) tested
on blend levels of B5, B20, B50, and B100, andreeweable and a GTL diesel fuel tested at 20%,
50%, and 100% blend levels.

Testing was conducted on up to 4 different engeast tycles including a light loaded Urban
Dynamometer Driving Schedule (UDDS) cycle, the Fad&est Procedure (FTP), and 40 mph
and 50 mph CARB heavy heavy-duty diesel truck (HHDRruise cycles. These cycles were
selected to represent different operating condsticend low, medium, and high loads. The
engine dynamometer test cycles for the UDDS, andD50 mph cruise cycles were developed
from torque and engine rpm data from the engineZMEwnhile it was driven on a chassis
dynamometer. The UDDS and 40 mph cruise cycles wekeloped from data taken on the
actual 2006 Cummins ISM being tested for this paogr The 50 mph cruise cycle was
developed under the ACES program utilizing collddterough the E55/59 chassis dynamometer
study of heavy-duty trucks (Clark et al., 2007)J avas utilized as is for this study.

Biodiesel Characterization Results

Tables ES-1 and ES-2 show the percentage diffesefarethe soy-based and animal-based
biodiesel feedstocks, respectively, compared vhh CARB ULSD for different blend levels
and test cycles, along with the associated p-vdlestatistical comparisons using a 2-tailed, 2
sample equal variance t-test. For the discussidhisn'memorandum, results are considered to be
statistically significant for p valueg0.05.

The NQ emission results for the testing with the soy-dasiediesel feedstock and the animal-

based biodiesel feedstock are presented in Figife$ and ES-2, respectively, on a gram per
brake horsepower hour (g/bhp-hr) basis. The re$oiteach test cycle/blend level combination

represent the average of all test runs done on ghdicular combination. The error bars

represent one standard deviation on the average.val

The average NPemissions show trends of increasing \gmnissions with increasing biodiesel

blend level, but the magnitude of the effects ditbetween the different feedstocks. The soy-
based biodiesel blends showed a higher increal®jremissions for essentially all blend levels
and test cycles in comparison with the animal-bdsediesel blends.

For the soy-based biodiesel over the FTP, thg iN(Pact ranged from an increase of 2.2% at the
B5 level, to 6.6% at the B20 level, to 27% at tH&@ level. The biodiesel emissions impacts for
the other cycles were comparable to but less thasetfound for the FTP for the different blend
levels. These increases were higher than the ERA base estimates for all of the test cycles.
The NQ, impacts found for the soy-based biodiesel weresistent, however, with the EPA
estimates for the “clean base fuel” case, whichlditwe more representative of a CARB diesel
fuel.
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THC co NO, PM CO, BSFC
% diff P value | % diff P value | % diff P value | % diff P value | % diff P value | % diff P value
uUDDS B20 | -12% |0.000 | 5% | 0.115| 4.1% | 0.002 | -24% | 0.002 | 0.8% | 0.448 | 1.8% | 0.093
B50 | -28% |0.000 | 26% | 0.000 | 9.8% | 0.000 | -30% | 0.000 | 2.5% | 0.055 | 5.1% | 0.001
B100 | -55% |0.000 | 62% | 0.000 | 17.4% | 0.000 | -33% | 0.000 | 4.2% | 0.003 | 9.8% | 0.000
FTP B20 | -11% |0.000 | -3% | 0.078 | 6.6% | 0.000 | -25% | 0.000 | 0.4% | 0.309 | 1.4% | 0.001
B50 | -29% |0.000 | -4% | 0.038 | 13.2% | 0.000 | -46% | 0.000 | 0.5% | 0.159 | 3.1% | 0.000
B100 | -63% |0.000 | 3% | 0.163 | 26.6% | 0.000 | -58% | 0.000 | 1.5% | 0.007 | 6.8% | 0.000
40 mph Cruise | B5 -1% |0.573 | 2% |0.427 | 1.7% | 0.135 | -6% | 0.101 | 1.7% | 0.085 | 1.9% | 0.065
B20 | -16% |0.000 | -3% | 0.160 | 3.9% | 0.000 | -26% | 0.000 | 0.8% | 0.056 | 1.8% | 0.001
B50 | -36% |[0.000 | 0% | 0.986 | 9.1% | 0.000 | -48% | 0.000 | 1.3% | 0.053 | 3.8% | 0.000
B100 | -70% |0.000 | 0% | 0.868 | 20.9% | 0.000 | -69% | 0.000 | 3.0% | 0.000 | 8.4% | 0.000
50 mph Cruise | B5 2% |0.222 | 1% | 0.649 | -1.1% | 0.588 | -5% | 0.036 | 0.0% | 0.959 | 0.3% | 0.690
B20 | -12% |0.000 | -2% | 0.330 | 0.5% | 0.800 | -18% | 0.000 | 0.6% | 0.227 | 1.6% | 0.002
B50 | -31% [0.000 | -6% | 0.002 | 6.3% | 0.001 | -43% | 0.000 | 1.2% | 0.008 | 3.8% | 0.000
B100 | -68% [0.000 | -14% | 0.000 | 18.3% | 0.000 | -50% | 0.000 | 2.6% | 0.000 | 8.0% | 0.000
Table ES-1. Percentages changes for Soy-Biodieskdrils relative to CARB and associated statistical palues

THC CcO NO, PM CO, BSFC
% diff P value | % diff P value| % diff P value | % diff P value | % diff P value| % diff P value
uUDDS B20 -16% | 0.000 | -10% | 0.000 | -1.5% | 0.376 | -10% | 0.009 | -0.6% | 0.640 | 1.2% 0.404

B50 | -38% | 0.000 | -12% | 0.000 | 0.1% | 0.935 | -24% | 0.001 | 1.2% | 0.201 | 3.1% | 0.005
B100 | -73% | 0.000 | -20% | 0.000 | 1.9% | 0.243 | -31% | 0.000 | 2.5% | 0.016 | 6.7% | 0.000
FTP B5 -3% | 0.011 | -4% | 0.008 | 0.3% | 0.298 | -9% | 0.000 | -0.3% | 0.191 | 2.9% | 0.031
B20 | -13% | 0.000 | -7% | 0.000 | 1.5% | 0.000 | -19% | 0.000 | 0.1% | 0.733 | 1.4% | 0.145
B50 | -36% | 0.000 | -14% | 0.000 | 6.4% | 0.000 | -42% | 0.000 | 0.4% | 0.117 | 1.8% | 0.038
B100 | -71% | 0.000 | -27% | 0.000 | 14.1% | 0.000 | -64% | 0.000 | 0.7% | 0.018 | 4.4% | 0.001
Cruise B20 | -14% | 0.000 | -7% | 0.003 | -2.3% | 0.151 | -16% | 0.000 | 0.7% | 0.170 | 2.6% | 0.010
B50 | -37% | 0.000 | -9% | 0.066 | 0.8% | 0.588 | -35% | 0.000 | 1.5% | 0.014 | 3.5% | 0.000
B100 | -73% | 0.000 | -25% | 0.000 | 5.3% | 0.000 | -59% | 0.000 | 1.6% | 0.008 | 5.9% | 0.000
Table ES-2. Percentages changes for Animal-Biodidsbélends relative to CARB and associated statistitap values
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For the animal-based biodiesel feedstock, the Bifdission increases with biodiesel for the FTP
cycle were consistent with the EPA base case estindhe N impact for the animal-based
biodiesel over the FTP ranged from an increase.®#olat the B20 level to 14% at the B100
level. For the lower load UDDS cycle for the anirhaked biodiesel feedstock, the emissions
differences were not statistically significant somy of the blend levels. For the 50 mph cruise
cycle, a statistically significant increase in Né€missions was only found for the B100 animal-
based biodiesel. The 50 mph cruise results wereuobd, however, by changes in the engine
control strategy that appeared to occur over a sagof this cycle.

NOyx emissions were found to increase as a functioengfine load, as expected. Comparing
different cycles, the FTP seemed to show the sasinyQ increases for biodiesel for both soy-
based and animal-based blends. The impact ofdsetion N@ emissions was not found to be a
strong function of engine load, as was observeaaté@vious studies by EPA (Sze et al., 2007). It
is possible that different engine mapping proceslwere utilized in the EPA study. Additionally,
the results in this study for the highest load eyate obscured by the differences in engine
operation that were observed for the 50 mph creysée.

PM emissions showed consistent and significant atealus for the biodiesel blends, with the

magnitude of the reductions increasing with blesgel. This is consistent with a majority of the

previous studies of emissions from biodiesel blefde PM reductions for both the soy-based
and animal-based biodiesel blends were generaljetahan those found in the EPA study, and
are closer to the estimates for an base caselifarld clean base fuel. Over the FTP, the PM
reductions for the soy-based biodiesel ranged Bétnfor a B5 blend, to 25% for a B20 blend,

to 58% for B100. For the animal-based biodiesel eke FTP, the PM reductions ranged from
19% for the B20 blend to 64% for B100.

For PM, the smallest reductions were seen for tb®$, or the lightest loaded cycle. The PM

reductions for biodiesel for the FTP and the cruiyeles were comparable for both fuels.

Although there were some differences in the percedtictions seen for the soy-based and
animal-based biodiesel fuels, there were no cadigtifferences in the PM reductions for these
two feedstocks over the range of blend levels auates tested here.

THC emissions showed consistent and significantictons for the biodiesel blends, with the
magnitude of the reductions increasing with bleexkl. The THC reductions over the FTP for
the soy-based biodiesel ranged from 6% for a Beddylto 11% for a B20 blend, to 63% for
B100. For the animal-based biodiesel over the Fi€THC reductions ranged from 13% for the
B20 blend to 71% for B100. Overall, the THC redocs seen in this study are consistent with
and similar to those found by EPA. The THC reduwitor both the soy-based and animal-based
biodiesel blends for B100 were closer to those dounthe EPA study for the B100 level for the
base case fuels, while the lower blend levels, (B20 and B50), were in between those
estimated by EPA for the clean and base case fhetsthe soy-based biodiesel, the reductions
are slightly less for the lower load UDDS, but fioe animal-based biodiesel the THC reductions
for all the test cycles were similar. There was aattrong trend in the THC reductions with
biodiesel as a function of either power or fueliamption.
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CO emissions showed consistent and significantatezhs for the animal-based biodiesel blends,
consistent with previous studies. Over the FTP Q@ereductions for the animal-based biodiesel
ranged from 7% for a B5 blend, to 14% for a B2Mdleto 27% for B100. The CO reductions
seen for the animal-based biodiesel are compatabllbose seen for the EPA clean base fuel
estimates, but are lower than those for the EPA& base.

The CO trends for the soy-based biodiesel weredessistent. The CO emissions for the soy-
based biodiesel did show consistent reductions witheasing biodiesel blend levels for the
highest load, the 50 mph cruise cycle. For the &1&®40 mph cruise cycles, the biodiesel blends
did not show any strong trends relative to the CARBSD and a number of differences were
not statistically significant. Interestingly, theOCemissions for the lowest load UDDS cycle
showed higher emissions for the biodiesel blendt) the largest increase (62%) seen for the
highest blend level. Additional testing would likdde needed to better understand the nature of
these results, which are opposite the trends segrost previous studies.

Throughout the course of testing on the first eegiome outliers were observed in the testing
that appeared to be related to conditions set witte engine control module (ECM). The first
condition occurred when the temperature of the axdolvater to the charge air cooler dropped
below 68°F. These tests were removed from the sulese¢ analyses. A second condition was
also observed where changes in engine operatior wieserved within the 50 mph CARB
HHDDT cycle. For this test cycle, for a period bettest cycle from approximately 300 to 400
seconds, two distinct modes of operation were ekserThese tests were not removed from the
analysis, as it was surmised that these condittonfd potentially occur in real-world operation.

The biodiesel fuels showed a slight increase in, @@issions for the higher blends. This
increase ranged from about 1-4% with the increbsésy statistically significant for the B100
fuels for all of the tests, and for the B50 fuel fioe cruise cycles and some of the other cycles.

The biodiesel blends showed an increase in fuedwoption with increasing levels of biodiesel.

This is consistent with expectations based ondhet energy density of the biodiesel. The fuel
consumption differences were generally slightly hieig for the soy-based biodiesel in

comparison with the animal-based biodiesel. Thes@mees in fuel consumption for the soy-based
biodiesel blends range from 1.4 to 1.8% for the B26.8 to 9.8% for the B100. The increases in
fuel consumption for the animal-based biodiesehdderange from no statistical difference to
2.6% for the B20 to 4.4 to 6.7% for the B100.

Renewable GTL Diesel Fuel Results
Tables ES-3 and ES-4 show the percentage diffesefarethe renewable and the GTL fuels,
respectively, compared with the CARB ULSD for diffat blend levels and test cycles, along

with the associated p-values for statistical congpais using a 2-tailed, 2 sample equal variance
t-test.
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THC (6{0) NO, PM CO, BSFC

% diff P value | % diff P value| % diff P value | % diff P value| % diff P value| % diff P value

UDDS R20 -3% | 0.018 | -16% | 0.000 | -4.9% | 0.000 | -5% | 0.401 | -04% | 0.595| 1.0% | 0.255
R50 -6% | 0.002 | -23% | 0.000 | -10.2% | 0.000 | -12% | 0.044 | -0.7% | 0.448 | 3.1% | 0.007

R100 | -12% | 0.000 | -33% | 0.000 | -18.1% | 0.000 | -28% | 0.000 | -3.3% | 0.002 | 5.1% | 0.000

FTP R20 0% |0.719 | -4% |0.022 | -2.9% | 0.000 | -4% | 0.023 | -0.3% | 0.652 | 1.1% | 0.117
R50 0% | 0.777 | -8% | 0.000 | -5.4% | 0.000 | -15% | 0.000 | -1.0% | 0.124 | 2.9% | 0.001

R100 -4% | 0.057 | -12% | 0.000 | -9.9% | 0.000 | -34% | 0.000 | -3.4% | 0.000 | 5.2% | 0.000

50 mph Cruise | R20 2% | 0.207| 0% |0.831| -3.8% | 0.007 | -3% | 0.220 0.0% 0.972 | 1.4% | 0.107
R50 2% | 0230 | 1% | 0.234| -7.8% | 0.000 | -14% | 0.000 0.0% 0.996 | 4.0% | 0.000

R100 -1% | 0510 | 3% | 0.022 | -14.2% | 0.000 | -24% | 0.000 | -2.1% | 0.011 | 6.6% | 0.000

Table ES-3. Percentages changes for renewable blenelative to CARB and associated statistical p vaés

THC (6{0) NOy PM CcoO, BSFC
% diff P value | % diff P value | % diff P value | % diff P value | % diff P value| % diff P value
FTP GTL20 -5% | 0.000 -6% | 0.000 | -0.9% | 0.053 -8% | 0.000 0.0% | 0.933 | 1.3% | 0.001
GTL50 -16% | 0.000 | -10% | 0.000 | -5.2% | 0.000 | -12% | 0.000 -1.9% | 0.001 | 1.4% | 0.008
GTL100 | -28% | 0.000 | -14% | 0.000 | -8.7% | 0.000 | -29% | 0.000 -3.5% | 0.000 | 3.3% | 0.000

Table ES-4. Percentages changes for GTL blends rélee to CARB and associated statistical p values
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For the renewable and GTL diesel fuels, the reslitsv a steady decrease in Némissions
with increasingly higher levels of renewable digsel. The NQ emission results for the testing
with the renewable diesel and the GTL diesel aresqmted in Figures ES-3 and ES-4,
respectively, on a gram per brake horsepower hgbhp-hr) basis. Over the FTP cycle, the,NO
reductions for the renewable and GTL diesel weraparable for each of the blend levels. For
the FTP, the NQreductions for the renewable diesel ranged fro@¥a2for the 20% blend to
9.9% for the 100% blend, while the N@ductions for the GTL ranged from ~1% for the 20%
blend to 8.7% for the 100% blend. Larger emissiaugictions were found over the UDDS and
Cruise cycles, where only the renewable diesel Weed tested. The reductions in Nfdr the
renewable diesel fuel are comparable to those faupdevious studies of heavy-duty engines.

NO, Emissions - Renewable Blends
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Figure ES-3. Average NQ Emission Results for the Renewable Blends
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Figure ES-4. Average NQ Emission Results for the GTL Blends

In comparison with the biodiesel feedstocks, thele of NQ reduction for the renewable and
GTL fuels are less than the corresponding increasd), seen for the soy-base biodiesel, but
are more comparable to the increases seen fontheabkbased biodiesel blends. With respect to
NOy mitigation, this suggests that the renewable aiitd @esel fuel levels need to be blended at
slightly higher levels than the corresponding bései in order to mitigate the associatedyNO
increase, as discussed in further detail belows Thespecially true for the soy-based biodiesel
blends.

PM emissions showed consistent and significantatalus for the renewable blends, with the
magnitude of the reductions increasing with blemcel. The reductions for the renewable diesel
were statistically significant for the higher blesnahd ranged from 12-15% for the R50 and from
24-34% for the R100. A statistically significant 4%&duction was also found for the R20 over
the FTP. The GTL fuel showed a statistically sigaifit reduction over the FTP, with reductions
ranging from 8% for the 20% blend to 29% for th@%0blend. Similar reductions are found for
the UDDS, FTP, and Cruise cycles indicating thaleyoad does not have a significant impact
on the PM reductions.

For the THC emissions, the GTL fuel showed statidiy significant reductions over the FTP
that increased with increasing blend level. Theskictions ranged from 5% for the 20% blend
to 28% for the 100% blend. The renewable diesel rditl show consistent trends for THC
emissions over the different test cycles. Thisifigdvas consistent with predictions based on the
EPA’s Unified Model and the associated distillati@mperatures and other parameters of the
fuels that showed there should not be any sigmifidéfferences between the THC emissions for
the CARB fuel in comparison with the renewable wirblend used in the study (Hodge, 2009).
Statistically significant THC reductions were foufudt the renewable diesel fuel for the lowest
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load UDDS cycle, with the THC reductions increaswith increasing levels of the renewable
diesel fuel.

Reductions in CO emissions with the renewable diest were found for the UDDS and FTP
cycles, but not for the cruise cycle. Over thesdeasy the percentage reductions increased with
increasing renewable diesel fuel blend. Over the,Rfese reductions ranged from 4% for the
R20 to 12% for the R100. The comparisons of CO sions over the 50 mph cruise may have
been complicated by the changes in engine operttairwere seen for that cycle. The GTL fuel
also showed similar reductions over the FTP, watuctions ranging from 6% for the 20%
blend to 14% for the 100% blend.

The CQ emissions for the neat or 100% blend renewableGhid fuels were lower than those
for the CARB ULSD for each of the test cycles. Taduction was on the order of 2-4% for the
100% blends. This slight reduction in g@missions is consistent and comparable to previous
studies of the renewable diesel fuel.

The brake specific fuel consumption data showedeasing fuel consumption with increasing
levels of renewable and GTL fuels. The increasefsieh consumption range from 1.0-1.4% for
the R20 and 5.1 to 6.6% for the R100. The increasdsel consumption with blend level are
slightly higher for the cruise cycle compared te lower load UDDS and FTP. The fuel
consumption increases for the GTL ranged from 1f8f4he 20% blend to 3.3% for the 100%
blend. The fuel consumption differences are coeststvith the results from previous studies,
and can be attributed to the lower density or enelgnsity of the renewable and GTL fuels
compared to the CARB baseline fuel.

NOy Mitigation Results

Table ES-5 shows the percentage differences foN@emitigation formulations compared with
the CARB ULSD for different blend levels and tegtles, along with the associated p-values for
statistical comparisons using a 2-tailed, 2 sanggjaal variance t-test. The shaded regions
represent the formulations that provided ,N@utrality relative to the CARB ULSD. The NO
emission results for the various mitigation straeg@re presented in Figure ES-5 on a gram per
brake horsepower hour basis. The results for easthciycle/blend level combination represent
the average of all test runs done on that partioctdabination within a particular test period.
The NQ, mitigation testing was conducted over three sepasst periods, the results of which
are separated by the vertical lines in the figltecomparisons with the CARB diesel are based
on the CARB diesel results from that specific festiod, so that the impacts of drift between
different test periods was minimized.

The impact of biodiesel on N@missions depends on the feedstock or fundamertpérties of
the biodiesel being blended. Blends of two biodgeseth different emissions impacts for NO
provides a blend that shows a Ni@pact that is intermediate between the two printaodiesel
feedstocks. This indicates that the N{npact for a particular biodiesel feedstock can be
mitigated in part by blending with another biodieseedstock with a lower tendency for
increasing NQ.

| [ THc [ co | N | PMm [ co | BSFC
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Table ES-4. Percentages changes

statistical p values
Notes: C = CARB ULSD; R = renewable, G = GTL; Bxxbmodiesel blend level; S = soy biodiesel; A = aaim

biodiesel

% % % %
diff Pvalue| diff P value| % diff P value| diff P value| % diff P value diff P value
B5-S -1% | 0.087 -1%| 0.471 22% 0.0p0 -6% 0.000 %0.10.816| 0.3% 0.228
B10-S 6% | 0.000 -2%| 0.1701 2.6% 0.000 -17% 0.000.1% | 0.569| 0.3% 0.16]
B20 — S* -11%| 0.00Q -3%| 0.078 6.6% 0.000 -25% 0.000.4% | 0.309| 1.4% 0.001
B20"S' 1% DTBP| -16% 0.000 -19% 0.000000% | 00959| -16%| 0.000 -0.9% 0.000 0.1% 0.748
B10°S'1%DTBP| -9%| 0.000 -14% 0.00C:131% | 01002 -6% | 0.000 -0.2% 0.258 0.2% 0.445
B20-S 1% 2-EHN -16% | 0.000| -15%| 0.000 6.3% 0.000 -17% 0.000 0.2%36D| 1.2%| 0.000
B5-S1%2-EHN| -6%| 0.000 -12% 0.000 3.1% 0.000 -4%.00D| -0.1%| 0.782 0.1% 0.564
R80/B20-soy -13%| 0.000 -16% 0.00C%810% | 0000 | -47%| 0.000 -2.0% 0.000 5.7% 0.000
C25/R55/B20°Ss | -1294 0.000 -13% 0.00C08% | 0029| -40%| 0.000 -1.5% 0.000 4.1% 0.000
C70/R20/B10-S | -8%| 0.000 -3% 0.013 0.9% 0.014 -17%00®| -0.4%| 0.059 1.7% 0.0Q0
C75/R20/B5-S -3%| 0.014 -3% 0.048002% | 00674 | -11%| 0.000 0.3% 0.309 2.2% 0.000
C80/B10-S/B10-A -12% | 0.000, -6% | 0.000 3.9% 0.000 -26%% 0.000 1.2% 03/02.2%| 0.00Q
-3%| 0.024 -494 0.000007% | 0047| -11%| 0.000 0.2% 0.686 1.6% 0.000
2% | 0.039 -4%| 0.00%5F0:8% | 0501| -9% | 0.000 0.4% 0.251 1.9% 0.000
C53/G27/B20-S | -219% 0.000 -10% 0.000 2.1% 0.000 -32®000| -1.4%| 0.001 1.3% 0.002
C80/G10/B10-S| -7%| 0.000 -5% 0.000 2.4% 0.000 -18%00®| 0.6% | 0.150 1.7% 0.000
7% | 0.000 -5%  0.000%0:7% | 01068 | -9% | 0.000 -0.6% 0.018 0.6% 0.010
-9% | 0.000 -119% 0.0007:8% | 01002| -11%| 0.000 -0.8% 0.006 0.5% 0.081

for GTL blends réle to CARB and associated
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Figure ES-5. Average NQ Emission Results for the NQ Mitigation Formulations

Two additives were tested for N@nitigation, 2-EHN and DTBP. Of these two additivédse
DTBP was the most effective in this testing confagion. A 1% DTBP additive blend was found
to fully mitigate the NQ@ impacts for a B20 and B10 soy biodiesel. The 2-BiHi$ tested at 1%
level in both a B20-soy and B5-soy blend and didsmmw any significant NOreductions from
the pure blends.

The testing showed that renewable diesel fueldeaniended with biodiesel to mitigate the NO
impact. This included higher levels of renewablesdi (R80 or R55) with a B20-soy biodiesel.
Several lower level blends, designed to be morepewable to those that could potentially be
used to meet the low carbon fuel standard, alsowstioNQ neutrality, including a
CARB75/R20/B5-soy blend, a CARB80/R13/B3-soy/B4raal blend, a CARB80/R15/B5-soy
blend, and a CARB80/GTL15/B5-soy blend. Overale tenewable and GTL diesels provide
comparable levels of reductions for N@eutrality at the 15% blend level with a B5-soy.

The level of renewable or GTL diesel fuels can bduced if a biodiesel fuel with more
favorable NQ characteristics is used. This is demonstrated bg success of the
CARBS80/R13/B3-S/B4-A blend that combined both tbg and animal-based biodiesel. The use
of an additive in conjunction with lower levels @hewable diesel and GTL can also be used to
provide NQ neutrality, as shown by the success of the CARB80/B10-S 0.25% DTBP blend.

The PM emissions for all of the N@nitigation formulations all showed reductions iN For

both the additive blends and the renewable blemts. largest reductions were found for the
formulations with higher percentages of both biedigB20) and the renewable diesel (55%-
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80%). Most of the other blends provided PM redutithat are slightly greater than those found
for the corresponding B20 or lower soy biodiesehbls.

THC emissions showed consistent reductions for mbshe NQ mitigation blends ranging
from 3 to 21%. These reductions were highest ferlends with the B20 blend level. Generally,
the blends of biodiesel with either a renewableeliea GTL diesel, or an additive showed THC
reductions that were either higher than or equitaie the levels found for the biodiesel by itself
at a particular blend level.

All formulations used for the NOmitigation showed reductions in CO compared toGAdRB
fuel ranging from 3 to 19%. The formulations witigler percentages of renewable diesel fuel
(R80, R55, and GTL27) with B20 and those with addg all showed statistically significant
reductions in CO emissions of 10% or greater.

The NQ mitigation formulations showed statistically sificant changes in COfor about half

of the formulations tested. The statistically sfgraint changes were all reductions in £@at
were 2% or less. This included some for the fortnuts with higher blends (55 and 80%) of
renewable diesel. This is consistent with the,@&luctions seem for the higher blends of the
renewable diesel and GTL fuels discussed above.

The fuel consumption for the NOmitigations formations was either higher than @t n
statistically different from the CARB fuel. The me@ase in fuel consumption was highest for the
fuels with the highest combined percentages of rédreewable diesel and biodiesel. This is
consistent with the fuel consumption increased $eethe higher blend levels of the biodiesel
fuels, the renewable diesel, and the GTL diesel.
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1.0 Introduction

The legislature passed AB1007 that requires thé&dDaila Air Resources Board (CARB) and
California Energy Commission (CEC) to develop anpta increase alternative fuels use in
California to reduce oil dependency and air patiati Also, the Governor has established
aggressive greenhouse emission reduction targetsviiicch CARB has identified potential
strategies such as biodiesel. Biodiesel is anratesre diesel fuel that has the potential to reduce
greenhouse gas emissions, other pollutants, anghardially offset our use of petroleum-based
fuels. However, knowledge gaps exist and furtheeaech is needed in characterizing the impact
biodiesel has on oxides of nitrogen (N@missions, the effects various feedstocks havaion
emissions, and the effect biodiesel has on emisdimm off road and post 1997 on road diesel
engines. This research is needed to conduct lifecgmalyses and to determine the potential
health and environmental benefits and disbenefitsiadiesel. Additionally, for the conditions
under which NQis found to increase, it is important to identifiethods which can mitigate the
NOy increases.

The impact of biodiesel on emissions has beenubgst of numerous studies over the past 20
years. The US EPA conducted a comprehensive assessiihthe impact of biodiesel on pre
2002 engines (US EPA, 2002). Most of the studiésdcin this report were on soy-based
biodiesel in comparison with an average federatalibase fuel. Based on this analysis, it was
estimated that a soy-based biodiesel at a B20 Mweld increase NQemissions about 2%
compared to an average Federal base fuel. Additmmalyses in this same study did indicate
that the impacts of biodiesel on N@missions using a cleaner base fuel, more comigatab
that utilized in California, could be greater ththat found for the average Federal fuel, but data
was more limited in this area.

Researchers at the National Renewable Energy LeltgrdNREL) conducted further analysis of
more recent engine and chassis dynamometer tasitsr¢d1cCormick et al., 2006). These
researchers noted that the nearly half of the dasgrvations used for the EPA’s analysis were
1991-1997 DDC engines, with a majority of thesengethe Series 60 model, so the analysis
might not be representative of a wider range ohnetogies. They also noted that the engine
testing results were highly variable for @ith percentage changes for N@nging from -7%

to +7%. Reviewing more recent studies of newer re@gyi these researchers found an average
change in N@emissions for the more recent engine studies.6#682.0%. Similar results were
found for recent chassis dynamometer tests, whicbrvthe results were combined yielded an
average change of 0.9%+1.5%. The US EPA condudaiate anore extensive analysis of the
impact of test cycle on biodiesel emissions impé8te et al. 2007). They found that biodiesel
increased NQemissions over different test cycles from 0.9 1696 for a B20 blend, with the
change in N@emissions increasing linearly with the averagdeciaad.

Looking at the available literature as a wholedss have generally shown hydrocarbons (HC),
carbon monoxide (CO), and particulate matter (PM)raduced using biodiesel, while trends for
NOyx emissions have been less clear. While many studige shown slight increases in NO
with biodiesel, results over a wide range of stadiee varied. Some research has also suggested
that the impact of biodiesel on N@missions can depend on operating conditions,, load
engine configuration (McCormick et al. 2006; Szeakt2007). Studies have also shown that



operating condition and load can impact the effeftbiodiesel on emissions and NJany
studies are also limited in their direct applicatio California because exhaust emissions from
diesel engines fueled with biodiesel were not caegbao these engines fueled with CARB
diesel or because they use only soy-based biodigseiay not be the major feedstock used in
California.

Some studies have also examined mechanisms vidwlodiesel might impact NOemissions.
Researchers have suggested a number of explanateunding chemical structure (McCormick
et al., 2001; Ban Weiss et al., 2005), such ag tatain length and number of double bonds, an
advancement in timing which could be related tkbubdulus (Szybist et al., 2003 a,b), and/or
increases in combustion temperature (Cheng e0@lf)2 Researchers at Cummins Inc. have also
shown that both the combustion process and thenengpntrol system must be taken into
account when determining the net Né¥fect of biodiesel compared to conventional diésel
(Eckerle et al. 2008). If biodiesel blends are dwieed to increase NOemissions then it is
important to find mitigation strategies that makedteesel NQ neutral or better when compared
to CARB diesel use. It is known that the propertédiesel fuel can affect the emissions of NO
as well as other emission components (Miller, 20G3% possible that the fuel specifications of
diesel fuel can be altered such that any negamacts of the biodiesel in the blend could be
overcome or such that the properties of the biedlielend could be made such that the blend
would have the same properties as a typical diies#l Biodiesel could potentially even be
incorporated into more traditional petroleum refingorocesses as a feedstock. The use of
additives and cetane improvers has also shown goteatial forreducing NQ emissions from
biodiesel blends (McCormick et al., 2002, 2005;r8h&994).

To facilitate the introduction of a larger perceoit renewable fuels into use and better
characterize the emissions impacts of renewablis fugder a variety of conditions, CARB has
implemented one of the most comprehensive studiesnewable fuels to date. The focus of this
research study is on understanding and, to thenexiessible, mitigating any impact that
biodiesel has on NOemissions from diesel engines. This program inm@fes engine testing,
chassis dynamometer testing, and testing of offireagines on a range of biodiesel and
renewable diesel fuels. This will include heavyyddiiesel engines from different vintages,
including a 2007 engine, a 2004-2006 engine, afidgd engine, and two non-road engines.
The testing will also include at least two biodideedstocks tested on blend levels of B5, B20,
B50, and B100, one or more renewable diesel fualsvarious blends of these fuels, and other
fuel formulations/additive combinations designedmdigate any potential increases in NO
emissions. Testing will also be conducted on séww@es designed to represent low, medium,
and high power engine operation such that the tsffet biodiesel on NQemissions can be
understood over a range of different operating .

This memorandum summarizes the results from somehef initial testing under this
comprehensive program. The testing described s rtiemorandum was conducted on a 2006
Cummins ISM engine in CE-CERT’s engine dynamomé&dboratory. The testing included a
baseline CARB ultralow sulfur diesel (ULSD) fuekd biodiesel feedstocks (one soy-base and
one animal-based) tested on blend levels of B5, B30, and B100, and a renewable and a gas-
to-liquid (GTL) diesel fuel tested at 20%, 50%, ahd0% blend levels. Testing was also
conducted on up to 4 different engine test cyateepresent different operating conditions and



low, medium, and high loads. The results of thisdgtprovide an initial assessment of the
potential impact of renewable fuel use in Califarand provide a basis for the development of
NOy mitigation strategies for the upcoming portionshef comprehensive CARB study.



2.0 Experimental Procedures
2.1 Test Fuels

The test fuels for this program included 5 priméngls that were subsequently blended at
various levels to comprise the full test matrix.

A CARB-certified ultralow sulfur diesel (ULSD) fuelas the baseline for testing. The CARB
fuel was obtained from a California refinery. Thegerties of the fuel were reviewed by CARB
staff prior to selection to ensure they were cdastswith those of a typical ULSD in California.

The key target parameters evaluated included arcsnaulfur, and cetane number.

Two biodiesel feedstocks were utilized for testimgluding one soy-based and animal-based
biodiesel fuel. These fuels were selected to pmadange of properties that are representative
of typical feedstocks, but also to have feedstomsresenting different characteristics of
biodiesel in terms of cetane number and degreatafation.

A renewable feedstock and a GTL diesel were alsal digr testing. The renewable feedstock
was provided by Neste Oil, and it is known as NEkBThis fuel is denoted as the renewable
diesel in the following results sections. This figlproduced from renewable biomass sources
such as fatty acids from vegetable oils and anfatalvia a hydrotreating process (Rantanen et al.
2005; Kuronen et al. 2007; Aatola et al. 2008; Hekand Nylund; Kleinschek 2005; Rothe et al.
2005). The GTL diesel fuel was provided by a petal company.

A summary of selected for properties for the neatd is provided in Table 2-1, with the full fuel
characterization provided in Appendix A.

The biodiesel and renewable diesel feedstocks Wwiereded with the ULSD base in different
blending ratios. The soy-based and animal-basedidsiels were blended at levels of B5, B20,
B50, as well as using the straight B100. The reimdsvand GTL diesel fuels were blended at
20% and 50% levels by blending with the CARB bags. f

The ULSD and the renewable diesel were testedipticate upon arrival at the fuel storage
facility for all properties under ASTM D975 and déy. The GTL fuel was also tested for the
ASTM D975 properties, density, and other properbgsthe fuel supplier. For the renewable
diesel, the cetane number was also determined tisenmgynition quality test, since the accuracy
of the D613 cetane number tests has limitatioreet#tne values above 60. The analyses for the
ULSD, the renewable diesel, and the GTL diesel vedireonducted at the Southwest Research
Institute (SwRI) in San Antonio, TX. The pure biesel feedstocks were tested in triplicate upon
arrival at the fuel storage facility for all progies under ASTM D6751 and for density. The
biodiesel analyses were primarily conducted by MageMidstream Partners, L.P., with some
testing also conducted by SwRI. The density wdzed for the fuel blending.

Blending of the biodiesel fuels was performed & thterstate Oil Inc. fueling facility in
Woodland, CA. The fuels were blended on a gravimdiasis to achieve the appropriate
volumetric blend levels. After blending, the bicgké blends were tested via ASTM-D7371 to



ensure the blending was uniform and consistent thightargeted blend values. Blending for the
renewable diesel blends was conducted at thetfasitit CE-CERT using a gravimetric method.
The finished blends were tested in triplicate foe properties under ASTM D975. The GTL
blends were also blended at CE-CERT, but on a veltimbasis and on a drum by drum basis
since smaller quantities of this fuel are neededn@@es of the GTL blends were collected but
not analyzed, except for one sample to character@&ane number. The results of the fuel
analyses for the blended fuels are provided in AdpeA.

Table 2-1 Selected Fuel Properties

CARB NEXBTL GTL Soy- Animal-
ULSD Renewable biodiesel biodiesel
Diesel
API gravity (@ 60°F) 39.0 51.3 48.4 28.5 28.5
Aromatics, vol. % 18.6 0.4 0.5 NA NA
PNAs, wt. % 1.6 0.1 <0.27 NA NA
Cetane number, D613 57.4 72.3 >74.8 a7.7 57.9
Cetane number, 1QT 74.7
Distillation, IBP 337 326 419
T10, °F 408 426 482
T50,°F 526 521 568
T90, °F 615 547 648 350°C 347.5°C
IBP 661 568 673
Free glycerin, mass % NA NA NA 0.001 0.008
Total glycerin, mass % NA NA NA 0.080 0.069
Sulfur, ppm 3.3 0.3 0.9 0.7 2

Notes: NA = either Not Available or Applicabl€T = ignition quality test derived cetane number
Distillation temperature for biodiesel gaes provided in degrees C for comparison with D675

2.2 Engine Selection

The engines were selected from 2 model year catsg@®002-2006 and 2007+. The 2002-2006
engines are estimated to represent an importantilsotion to the emissions inventory from the
present through 2017. The 2007 engine model yganesents the latest technology that is
available at present. The results for the 2007 rengwvill be discussed in an additional
memorandum.

The 2002-2006 engine was a 2006 model year Cumemgse. This engine was pulled from a
truck that was purchased specifically for this pobjand run at CARB’s chassis dynamometer
laboratory in Los Angeles, CA to obtain the engoperating parameters (as discussed below).
The specifications of the engine are providedEmor! Reference source not found. The
results presented in this memorandum are all isr2006 engine.



Table 2-2. Test Engine Specifications

Engine Manufacturer Cummins, Inc.

Engine Model ISM 370

Model Year 2006

Engine Family Name 6CEXHO661MAT

Engine Type In-line 6 cylinder, 4 stroke

Displacement (liter) 10.8

Power /Torque Rating 370 hp / 1450 ft-lbs @ 13900 r

Fuel Type Diesel

Induction Turbocharger with charge 3
cooler

2.3 Test Cycles

The test cycles included the standard Federal Ag#$rocedure (FTP) for heavy-duty engines
and three other cycles based on engine parameatested over standard cycles on chassis
dynamometer. Initially, two additional cycles weselected for testing that included a lightly
loaded Urban Dynamometer Driving Schedule (UDDS)leyand a 40 miles per hour (mph)
CARB heavy heavy-duty diesel truck (HHDDT) cruisele. The different cycles were initially
selected to provide a range of operating conditeons operational loads and some connection to
the chassis dynamometer testing being conduct€dRB’s Los Angeles laboratory.

The chassis dynamometer cycles were developedingjlengine parameters downloaded when
the light UDDS and the 40 mph CARB cruise cycleavem with the test vehicle on the chassis
dynamometer. The light UDDS cycle was run over skendard UDDS cycle, with the test

vehicle loaded at the weight of the truck cab fta&th no trailer. This represents the most lightly
loaded test cycle. The 40 mph CARB cruise cycleeggnted a heavier load cycle and was
based on the vehicle being run at its fully loadeight.

The torque and engine rpm were directly obtainednfthe J1939 signal for the test vehicle
while it was driven on the chassis dynamometer.s&éhgycles were then programmed into the
CE-CERT engine dynamometer software prior to entgséng. In the process of translating the
cycles from the chassis to the engine dynamom#iercycles were optimized by setting the
torque and engine RPM values equal to zero durengp@s of idle operation and the regression
validation criteria were modified to account foettlifferences between the test cycles developed
using chassis dynamometer data and the standardTHEPprocedures for the development of
these cycles are described in greater detail ineAgix B.

After the initial round of testing on the soy-badeddiesel, it was determined that the loads for
the FTP and the 40 mph CARB cruise cycle were w#mjlar, and hence did not provide a

sufficient load range to meet the program goalsvds decided that an additional higher load
cycle was needed to provide a larger range of tmadlitions. The cycle that was selected was
the 50 mph CARB HHDDT cruise cycle, but with an rage speed of 50 mph instead of 40 mph.



This cycle was used for an additional round of $eqmentary tests on the soy-based biodiesel,
and then it was substituted for the 40 mph cruigdecon the subsequent testing for the animal
and renewable feedstocks. Since logistics of rapjathe engine back into the vehicle to

generate the J1939 data for this specific engines W@ impractical, an engine dynamometer
test cycle version of this cycle that was develofmedhe ACES program was utilized (Clark et

al.,, 2007). This cycle was developed from data ectdld through the E55/59 chassis

dynamometer study of heavy-duty trucks.

2.4 Test Matrix

The test matrix was developed in conjunction wtttisticians at CARB and the US EPA based
on estimates of the magnitude of the impact biaifiean have on NQOemissions at a B20 level
and estimates of test-to-test repeatability.

The test matrix is based on providing a randomiestl matrix with long range replication. The
initial test matrix provided replication of all tdslends with replication of the base ULSD every
2 days. The initial test matrix also included ramiiation within the test day with different fuels
being tested in the morning vs. the afternoon aitld the cycles being conducted in a random
order for each fuel sequence. For the GTL fuetjrigavas only conducted on the FTP since this
fuel was primarily being characterized for use & mitigation strategy.

After the completion of the first round of testing the soy-based biodiesel, it was decided to
accelerate the rate of testing. The acceleratédrtasix used for the remainder of the testing on
the soy-based biodiesel utilized a test sequemeiasito that used in the initial testing, but with
essentially two days of the initial test matrix,1@ tests, run in a single day.

Since the expected NG@mpact for the B5 level should be less than tli&20, and hence more
difficult to statistically differentiate from thesting variability, the B5 blend was run outside th
sequence. Initially, for the soy-based biodieda®, BS level was run only for the higher load
cruise cycles since it was expected that largeractgowould be seen at higher loads. For the
animal-based biodiesel, it was decided to testBhduel on the FTP instead, since the testing
repeatability was better for the FTP tests. Thé negtrices for the main portion of the engine
testing are provided below.

Some additional tests were also run on the soyebhgmliesel since a number of tests were
identified to be outliers, and because a new higfhesdt cruise cycle was substituted into the test
matrix. The nature of the outlier tests is discdssgove. The number of additional test replicates
conducted on a particular soy-based blend depemdéae number of outliers in the initial round
of testing. A full complement of tests on the 50m@ARB HHDDT cycle was also conducted
to allow for full comparability between the soy-bds animal-based, and renewable fuels.



A =Lght. UDDS B =FTP C1 =ARB 40 mph Cruise C = ARB 50 mph Cruise

Engine 1-2006 cummins ISM

Soy based biodiesel

Day 1 Day 2 Day 3

Fuel Cycle Fuel Cycle Fuel Cycle
A B20 B B50 A
C1 A B
B C1 C1

B20 C1 B50 B C1
B C1 A
A A B

Day 16 Day 17 Day 18

Fuel Cycle Fuel Cycle Fuel Cycle
C A A
A C B
B B C
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A B A

Day 4
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C
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C1 A B A
B C1 C1 B

B20 A B50 C1 B C1
B B C1 A
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A =Lght. UDDS B =FTP C1 = ARB 40 mph Cruise C = ARB 50 mph Cruise
Engine 1-2006 cummins ISM

Animal based BDSL

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8
Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle
A A C B A B20 C B B5 B
C B B C C A C B
B C A A B B A B
B20 B C B20 B B C A B B
A B C A A B A B
C A A C B C C B
B20 C B B20 A B A A B
A C B A C B B
B A C C B C B
A A A C B20 C B B
B C C B B C B
C B B A A A B
Renewable Diesel GTL Diesel
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 1 Day 2 Day 3
Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle Fuel Cycle
A C C B A R20 C B B B B
B A B C C A A B B B
C B A A B B C B B B
R20 C B R20 A C B B A G20 B B B
A A B A A C C B B B
B C C B C A B B B B
R20 A B R20 A B A C G20 B B
C C B A B B B B
B A C C C A B B
B C A C R20 A B B B
C A C B C C B B
A B B A B A B B




2.5 Preliminary Testing

Prior to initiating the full testing on the test tmg, several preliminary tests were conducted on
the first test engine. These preliminary testsudet tests on both the baseline and a B20 animal
blend. The objective of these preliminary tests waserify that the experimental parameters
such as test repeatability and the biodiesek Mifierential were consistent with the estimates
used in developing the test matrix. The resultshef preliminary testing are provided below.
The results show that the N@ifferential for this feedstock was similar to thexpected based
on EPA current estimates. Additionally, the coediit of variation (COV) was on the order of
1%, similar to what was expected. The preliminaguits showed that with these constraints,
statistically significant differences in N@ould be measured between the different test fatels
the 95%+ percent confidence level.

Table 2-3. Results of Preliminary Biodiesel Testing
THC CO NQ PM CO
g/bhp-hr  g/bhp-hr g/bhp-hr g/bhp-hr  g/bhp-hr

CARB ULSD

ave. 0.289 0.757 2.108 0.078 632.492
st dev. 0.003 0.026 0.022 0.002 4.343
coVv 1.1% 3.4% 1.0% 2.8% 0.7%
B20-Animal”

ave. 0.250 0.692 2.146 0.061 637.065
st dev. 0.004 0.013 0.016 0.000 4.056
CcoV 1.8% 1.9% 0.7% 0.7% 0.6%
% difference (B20 — CARB)| -13.8% -8.6% 1.8% -21.2% 0.7%
T-Test 0.000 0.000 0.006 0.000 0.089

" Results based on 6 replicate FTP tests on each fuel
2.6 Emissions Testing

The engine emissions testing was performed at thivelsity of California at Riverside’'s
College of Engineering-Center for Environmental &ash and Technology (CE-CERT) in CE-
CERT’s heavy-duty engine dynamometer laboratorys €hgine dynamometer test laboratory is
equipped with a 600 hp General Electric DC elearigine dynamometer and is a fully Code of
Federal Regulations (CFR) compliant laboratory.

An engine map was conducted on the test fuel iretiggne for the first test of the day. Given the
random order of testing, this fuel was usuallyfing from the fuel change from the day before.
A second engine map was also obtained for the skeft@h tested each day. In order to provide a
consistent basis for comparison of the emissidhsyeles were developed and run based on the
initial engine map from operating the engine on llageline CARB ULSD. This is consistent
with the procedures used in the CARB proceduresddifying alternative diesel formulations.
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Testing was conducted on an FTP, a light-UDDS, @mbinations of the CARB HHDDT 40
mph and 50 mph cruise cycles. For all tests, standsmissions measurements of total
hydrocarbons (THC), carbon monoxide (CO), nitrogerdes (NQ), particulate matter (PM),
and carbon dioxide (C were measured. The emissions measurements wete using the
standard analyzers in CE-CERT’s heavy-duty Mobifeidsions Laboratory (MEL) trailer. A
brief description of the MEL is provided in ApperdT, with more details on the MEL provided
in Cocker et al. (2004 a,b). No toxic testing sl conducted in conjunction with this portion of
the testing.

2.7 Outlier Tests

Throughout the course of testing on the first eegiome outliers were observed in the testing
that appeared to be related to conditions set witie engine control module (ECM).

Prior to initiating the testing program, CE-CERTIitelwed from an air-cooled to a water-cooled
temperature control system for the turbochargeet iair. This system operated well during the
preliminary testing, but had some issues when thieient temperature declined and the cooling
water temperature dropped to levels below 68°Furei@-1 shows real-time NQ@races for four
tests conducted over the UDDS cycle using the CARESD. These traces clearly show
significant differences in the emissions profilestviieen the tests. Figure 2-2 shows the
corresponding intake air temperature (IAT) profilesthe same tests as recorded from the J1939
signal. As shown, tests with the cooler intake tamperature profiles, where the minimum
temperature drops below 60°F, had considerablyeni¢yQ emissions compared to those with
the higher intake air temperatures. These differewveere seen both within the transient portion
of the test and during the idle periods as wellkeSéhtrends were also observed on the FTP and
cruise cycles, but to a lesser extent since thgskes have higher loads and generally warmer
operating conditions. In analyzing the first batahtesting rests, the real-time N@nd IAT
results were plotted for all tests to identify segthere this phenomenon was observed. For the
subsequent analyses and subsequent plots in thistreall tests where the cooling water
temperature to the intercooler was found to drdpvo&8°F were removed. A total of 45 of 159
tests were removed based on this criterion fortéséing on the soy-based biodiesel feedstock.
The water-based temperature control system wasiggul to provide full temperature control
for the remainder of the tests and this phenomevasinot observed with the new system. Some
additional tests were also performed to ensurecthesre sufficient replicates for subsequent
statistical analysis for each of the different fotdnd/test cycle combinations for the soy-based
biodiesel.
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Figure 2-1. Real-Time NO, traces for four tests using CARB ULSD over the UDDS Cycle.
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Figure 2-2. Real-Time Intake Air Temperature traces for four tests using CARB ULSD over the
UDDS Cycle.
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A second condition was also observed where chaingesgine operation were observed within
the 50 mph CARB HHDDT cycle. For this test cycler fa period of the test cycle from
approximately 300 to 400 seconds, two distinct nisaafeoperation were observed. This is shown
in Figure 2-3, which shows all of the real-time N&aces for 50 mph CARB HHDDT cycle run
on the animal-based biodiesel feedstock, as wethasassociated CARB tests. The conditions
associated with this engine operating condition #redstatistics relating with this phenomena
are described in greater detail in Appendix E. I@&f minety two 50 mph cruise cycles that were
conducted on the first engine, approximately®/8f the tests showed emissions at the lower
NO, level and 1/% of the tests showed emissions at the highex N@el during this 300-400
second period. For the different fuels, CARB diededwed a greater propensity of operating in
the mode higher emission mode while the higheribs® blends showed a greater propensity
for having low NQ emissions during the 300-400 second time peribé. @rimary impact in the
regulated emissions was an increase irn BQissions, which ranged from 4.0 to 7.4% over the
different test periods between the high and low enogerations. The operational conditions had
the opposite impact on the other emissions, witlsgions reductions ranging from 1-4.2% for
THC, from 2.4 to 6.8% for CO, from 1.5 to 6.2% fa, and from 0.7 to 1.9% for GOAs this
operating condition could represent typical operatunder these conditions, no tests were
removed from the data sets and the associateds@sabelow. This complicated some of the
statistical comparisons, especially at the 20%dlerels.
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Figure 2-3. Real-Time NO, Emission Traces for the 50 MPH CARB Cruise Cycle for the Animal-Based Biodiesel Feedstock.
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3.0Biodiesel Results

3.1 NGO, Emissions
Understanding the impact of biodiesel on Ngnissions is one of the more critical elements of
this program. The NQemission results for the testing with the soy-das®diesel feedstock
and the animal-based biodiesel feedstock are prexb@mFigure 3-1 and Figure 3-2, respectively,
on a gram per brake horsepower hour (g/bhp-hrsbasie results for each test cycle/blend level
combination represent the average of all test dame on that particular combination. The error
bars represent one standard deviation on the av@edge.

NO, Emissions - Soy Biodiesel

EULSD -
8.0 B B20 - Soy
~ 7.0 O B50 - Soy |
56_607 W B100 - Soy | |
< 00 B5 - Soy
3 5.0+
-
9 4.0 N
% 30
'L% .
x 2.0 1
O
< 1.0
0.0 ‘
UDDS FTP 40 mph Cruise 50 mph Cruise

Figure 3-1. Average NQ Emission Results for the Soy-Based Biodiesel Feéatsk
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NO, Emissions - Animal Biodiesel
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Figure 3-2. Average NQ Emission Results for the Animal-Based Biodiesel Edstock

The average NQemissions show trends of increasing Ngmissions with increasing biodiesel
blend level, but the magnitude of the effects ditfetween the different feedstocks. Table 3-1
shows the percentage differences for the diffebemdliesel feedstocks and blend levels for the
different test cycles, along with the associatedalpes for statistical comparisons using a 2-
tailed, 2 sample equal variance t-test. Thesestitati analyses provide information on the
statistical significance of the different findingsor the discussion in this memorandum, results
are considered to be statistically significantgoralues<0.05. A more comprehensive statistical
analysis is planned once the experimental testmgplb of the test engines and vehicles is
completed. The soy-based biodiesel blends showedyleer increase in NOemissions for
essentially all blend levels and test cycles. Rerdifferent cycles, the FTP seemed to show the
strongest NQ@ increases for biodiesel for both soy-based andnalRbased blends. For
comparison, EPA base case estimates from their 8@ showed increases in NGf 2% at
the B20 level, 5% at the B50 level, and 10% atB&60 level. The soy-based biodiesel blends
showed increases that were higher than the EPMat&s for all of the test cycles. The NO
impacts found for the soy-based biodiesel are stersi, however, with the EPA estimates for
the “clean base fuel” case, which show increase®88t for a B100 fuel against a clean base
fuel. For the animal-based biodiesel feedstock, eéimession increases for the FTP cycle are
consistent with the EPA base case estimates. EAUDDS cycle for the animal-based biodiesel
feedstock, the emissions differences were notssitally significant for any of the blend levels.
For the 50 mph Cruise cycle for the animal-baseudlibsel, a statistically significant increase
was only found for the B100 level that was appraatiely a 5% increase. It should be noted that
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the percentage changes in emissions and the ististgnificance of the changes in NO
emissions for the 50 mph Cruise cycle were obschyethe different engine operation that was
observed for that cycle, as discussed in sectid@2d Appendix E.

g/bhp-hr basis

Soy-based Animal-based
% P- % P-
CARB vs. Difference values Difference values
UDDS B20 4.1% 0.002 -1.5% 0.376
B50 9.8% 0.000 0.1% 0.935
B100 17.4%  0.000 1.9% 0.243
FTP B5 2.2% (Mit) 0.000 0.3% 0.298
B10  2.6% (Mit) 0.000
B20 6.6% 0.000 1.5% 0.000

BS0 13.2%  0.000 6.4%  0.000
B100 26.6% 0.000 14.1% 0.000

40 mph Cruise  B5 1.7% 0.135
B20 3.9% 0.000
B50 9.1% 0.000
B100 20.9%  0.000
50 mph Cruise B5 -1.1%  0.588
B20 0.5% 0.800 -2.3% 0.151
B50 6.3% 0.001 0.8%  0.588

B100 18.3%  0.000 5.3%  0.000

Table 3-1. NQ, Percentage Differences Between the Biodiesel Blendnd the CARB ULSD
base fuel for each Cycle.

It is also useful to look at the impacts of cyclamer on NQ emissions and the trends with
biodiesel. In a recent study by the US EPA (Szal.e2007), it was found that N@missions
and the difference in NCemissions between a biodiesel blend and a baserfig® blend both
increased as the average power of the cycle inese&®r this study, NOemissions did show a
general increase in N@s the average cycle power increased. This issihowigure 3-3 for the
soy-based biodiesel and in Figure 3-4 for the ahlmaaed biodiesel. The differential between
NOy emissions for a biodiesel blend and the base fuslever, did not increase as a function of
average power as observed in the EPA study. Thehasvn in Figure 3-5 for the soy-based
biodiesel and in Figure 3-6 for the animal-baseadigisel. Similar, the NQdifferential for
biodiesel also did not increase as a function ef G@nsumption, as shown in Figure 3-7 for the
soy-based biodiesel and in Figure 3-8 for the ahbmaaed biodiesel. Interestingly, the NO
differential shows the highest values for the FTRartification test for both the soy-based and
animal-based biodiesel blends. It is not known wWieycurrent results differ from those found by
EPA. For the present program, all testing was peréal on the same engine map to maintain a
consistent set of target performance points fohdael over each cycle. It is possible that
different engine mapping procedures were utilizethe EPA study. Additionally, the results in
this study for the highest load cycle are obscimethe differences in engine operation that were
observed for the 50 mph cruise cycle.

17



Average Cycle Power vs. NQ- Soy Biodiesel

350
¢ ULSD
3007 = B20 - Soy .
550 B50 - Soy
= B10O0 - Soy
£ 200
2
X .
O 150 ¢
z
100 v
50 -
0 ‘ ‘ ‘
0 50 100 150 200

Average Cycle Power (hp)

Figure 3-3. Average Cycle Power vs. NO, Emissions for Testing on Soy-Based Biodiesel Blends
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Figure 3-4. Average Cycle Power vs. NO, Emissions for Testing on Animal-Based Biodiesel
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Figure 3-5. Average Cycle Power vs. NO, Emissions Change for Testing on Soy-Based Biodiesel
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Figure 3-6. Average Cycle Power vs. NO, Emissions Change for Testing on Animal-Based

Biodiesel Blends
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Figure 3-7. Fuel Consumption vs. NO, Emissions Change for Testing on Soy-Based Biodiesel
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Figure 3-8. Fuel Consumption vs. NO, Emissions Change for Testing on Animal-Based Biodiesel
Blends

3.2 PM Emissions

The PM emission results for the testing with thg-sased biodiesel feedstock and the animal-
based biodiesel feedstock are presented in Fig@rar®lError! Reference source not found,
respectively, on a g/bhp-hr baskstror! Reference source not found.shows the percentage
differences for the different biodiesel feedstoeksl blend levels for the different test cycles,
along with the associated p-values for statistoahparisons using a t-test.
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Figure 3-9. Average PM Emission Results for the SeBased Biodiesel Feedstock
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PM Emissions - Animal Biodiesel
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Figure 3-10. Average PM Emission Results for the Animal-Based Biodiesel Feedstock

PM emissions showed consistent and significant atsalus for the biodiesel blends, with the
magnitude of the reductions increasing with blesl. This is consistent with a majority of the
previous studies of emissions from biodiesel bleréisr comparison, the EPA estimated
reductions for the base case were 12% at a B2( X% for a B50 level, and 47% at the B100
level. EPA estimates for the PM reductions expedteda clean base fuel are smaller, with
reductions of less than 10% for B20, ~20% for thé B&vel, and ~35% for B100. The PM
reductions for both the soy-based and animal-basstiesel blends were generally larger than
those found in the EPA study, and are closer toedtanates for an average base fuel than a
clean base fuel. The smallest reductions were &eetihe UDDS, or the lightest loaded cycle.
The reductions for the FTP and the cruise cyclagwemparable for both fuels. Although there
were some differences in the percent reduction® dee the soy-based and animal-based
biodiesel fuels, there were no consistent diffeesnin the PM reductions for these two
feedstocks over the range of blend levels and syelgted here.
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Soy -based Animal - based

% P- % P-
CARB vs. Difference values Difference values

UDDS B20 -24% 0.002 -10% 0.009

B50 -30% 0.000 -24% 0.001

B100 -33% 0.000 -31% 0.000
FTP B5 -6% (Mit)  0.000 -9% 0.000

-17%

B10 (Mit) 0.000

B20 -25% 0.000 -19% 0.000

B50 -46% 0.000 -42% 0.000

B100 -58% 0.000 -64% 0.000
40 mph Cruise B5 -6% 0.101

B20 -26% 0.000

B50 -48% 0.000

B100 -69% 0.000
50 mph Cruise B5 -5% 0.036

B20 -18% 0.000 -16% 0.000

B50 -43% 0.000 -35% 0.000

B100 -50% 0.000 -59% 0.000

Table 3-2. PM Percentage Differences Between thedsiesel Blends and the CARB ULSD
base fuel for each Cycle.

Similar to the NQ emissions, PM emissions also showed a general teimcreasing emissions
with increased average cycle power. This is shawrigure 3-11 for the soy-based biodiesel and
in Figure 3-12 for the animal-based biodiesel. Tresid was not necessarily linear, however, as
demonstrated by the differences in the emissionghi® FTP and 40 mph cruise for the soy-
based results. The differential between,Nnissions for a biodiesel blend and the baseisuel
shown as a function of power in Figure 3-13 for slog-based biodiesel and in Figure 3-14 for
the animal-based biodiesel, and as function of dsesumption in Figure 3-15 for the soy-based
biodiesel and in Figure 3-16 for the animal-basiedlibsel. The data show a tendency for higher
PM reductions for the FTP and 50 mph Cruise contp&oethe light-UDDS, but there is not a
linear trend changes in emission reductions witeeipower or fuel use.
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Average Cycle Power vs. PM - Soy Biodiesel
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Figure 3-11. Average Cycle Power vs. PM Emissions for Testing on Soy-Based Biodiesel Blends
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Figure 3-12. Average Cycle Power vs. PM Emissions for Testing on Animal-Based Biodiesel
Blends
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Average Power vs. PM Change - Soy Biodiesel
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Figure 3-13. Average Cycle Power vs. PM Emissions Change for Testing on Soy-Based Biodiesel
Blends

Average Power vs. PM Change - Animal Biodiesel
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Figure 3-14. Average Cycle Power vs. PM Emissions Change for Testing on Animal-Based
Biodiesel Blends
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Fuels Use vs. PM Emissions Change - Soy Biodiesel
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Figure 3-15. Fuel Consumption vs. PM Emissions Change for Testing on Soy-Based Biodiesel
Blends
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Figure 3-16. Fuel Consumption vs. PM Emissions Change for Testing on Animal-Based Biodiesel
Blends
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3.3 THC Emissions

The THC emission results for the testing with thg-based biodiesel feedstock and the animal-
based biodiesel feedstock are presented in Fighie@adhdError! Reference source not found,
respectively, on a g/bhp-hr baskstror! Reference source not found.shows the percentage
differences for the different biodiesel feedstoekal blend levels for the different test cycles,
along with the associated p-values for statistoahparisons using a t-test.
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Figure 3-17. Average THC Emission Results for thedy-Based Biodiesel Feedstock
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THC Emissions - Animal Biodiesel
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Figure 3-18. Average THC Emission Results for the Animal-Based Biodiesel Feedstock

THC emissions showed consistent and significantiggons for the biodiesel blends, with the
magnitude of the reductions increasing with blenekl. This is again consistent with a majority
of the previous studies of emissions from biodiddehds. For comparison, the EPA base case
estimated reductions were 20% at a B20 level, ~482@fB50 level, and ~67% at the B100
level. EPA estimates for the THC reductions expdte a clean base fuel are smaller, with
reductions of ~13% for B20, ~30% for the B50 leveld a51% for B100. Overall, the THC
reductions seen in this study are consistent with similar to those found by EPA. The THC
reductions for both the soy-based and animal-basediesel blends for B100 were closer to
those found in the EPA study for the B100 leveltfar base case diesel fuel. The reductions for
the B20 blend tended to be closer to those founth®clean diesel, while the reductions for the
B50 blends were in between those estimated by EiPAhe clean and average base fuels. For
the soy-based biodiesel, the reductions are sjigefis for the lower load UDDS, but for the
animal-based biodiesel the THC reductions forraltest cycles were similar.
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CARB vs.

UubDDS B20
B50
B100
FTP B5
B10
B20
B50
B100
40 mph Cruise B5
B20
B50
B100
50 mph Cruise B5
B20
B50
B100

Table 3-3. THC Percentage Differences Between thedliesel Blends and the CARB ULSD

base fuel for each Cycle.

The THC emissions show a slight trend of increagingssions with increased average cycle
power, although this trend is not as strong ad\Nfog or PM. This is shown in Figure 3-19 for the
soy-based biodiesel and in Figure 3-20 for the ahimased biodiesel. The differential between
THC emissions for a biodiesel blend and the baskisushown as a function of power in Figure
3-21 for the soy-based biodiesel and in Figure 3&2the animal-based biodiesel, and as
function of fuel consumption in Figure 3-23 for they-based biodiesel and in Figure 3-24 for
the animal-based biodiesel. The data generally ghaivthere is not a strong trend in the THC

Soy -based

%

-12%
-28%
-55%

~1% (Mit)

-6% (Mit)
11%
-29%
-63%
1%
-16%
-36%
-70%
2%
-12%
-31%

Animal - based

P- % P-
Difference values Difference values
0.000 -16% 0.000
0.000 -38% 0.000
0.000 -73% 0.000
0.136 -3% 0.011
0.000
0.000 -13% 0.000
0.000 -36% 0.000
0.000 -71% 0.000
0.573
0.000
0.000
0.000
0.222
0.000 -14% 0.000
0.000 -37% 0.000
0.000 -73% 0.000

-68%

differential for biodiesel as a function of eithmwer or fuel consumption.
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Average Cycle Power vs. THC - Soy Biodiesel
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Figure 3-19. Average Cycle Power vs. THC Emissions for Testing on Soy-Based Biodiesel Blends
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Figure 3-20. Average Cycle Power vs. THC Emissions for Testing on Animal-Based Biodiesel
Blends
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Average Power vs. THC Change - Soy Biodiesel
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Figure 3-21. Average Cycle Power vs. THC Emissions Change for Testing on Soy-Based Biodiesel
Blends
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Figure 3-22. Average Cycle Power vs. THC Emissions Change for Testing on Animal-Based
Biodiesel Blends
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Fuels Use vs. THC Change - Soy Biodiesel
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Figure 3-23. Fuel Consumption vs. THC Emissions Change for Testing on Soy-Based Biodiesel
Blends
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Figure 3-24. Fuel Consumption vs. THC Emissions Change for Testing on Animal-Based Biodiesel
Blends
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3.4 CO Emissions

The CO emission results for the testing with the-Isased biodiesel feedstock and the animal-
based biodiesel feedstock are presented in Fig@fedhdError! Reference source not found,
respectively, on a g/bhp-hr baskstror! Reference source not found.shows the percentage
differences for the different biodiesel feedstoekal blend levels for the different test cycles,
along with the associated p-values for statistoahparisons using a t-test.
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Figure 3-25. Average CO Emission Results for the $éBased Biodiesel Feedstock
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CO Emissions - Animal Biodiesel
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Figure 3-26. Average CO Emission Results for the Animal-Based Biodiesel Feedstock

For the animal-based CO emissions, consistenttatidtecally significant reductions were found
for the biodiesel blends, consistent with previstusdies. For comparison, the EPA base case
estimated reductions were ~12% at a B20 level, ~28%& B50 level, and ~48% at the B100
level. EPA estimates for the CO reductions expefteda clean base fuel are smaller, with
reductions of less than 10% for B20, ~20% for thé® B&vel, and ~37% for B100. The CO
reductions seen for the animal-based biodieset@mgparable to the EPA estimates for the B20
blend, but are lower than the EPA estimates foBh@ and B100 blends.

The CO trends for the soy-based biodiesel weredessistent. The CO emissions for the soy-
based biodiesel did show consistent reductions witheasing biodiesel blend levels for the
highest load, 50 mph cruise cycle. It should beeddhat the percentage differences for the both
the soy-based and animal-based biodiesel wererafsacted by the engine operation differences
seen for the 50 mph cruise, as discussed in Se2toand Appendix E. For the FTP and Cruise-
1 cycles, the biodiesel blends did not show argnstitrends relative to the CARB ULSD and a
number of differences were not statistically sigmaint. Interestingly, the CO emissions for the
lowest load UDDS cycle showed higher emissiongherSoy biodiesel blends, with the largest
increases seen for the highest blend level. Theases for the UDDS cycle were all statistically
significant. Additional testing would likely be rad to better understand the nature of these
results, which are opposite the trends seen in presious studies.
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Soy -based Animal - based

% P- % P-
CARB vs. Difference values Difference values
uDDS B20 5% 0.115 -10% 0.000
B50 26% 0.000 -12% 0.000
B100 62% 0.000 -20% 0.000
FTP B5 -1% (Mit)  0.405 -4% 0.008
B10 -2% (Mit)  0.151
B20 -3% 0.078 -7% 0.000
B50 -4% 0.038 -14% 0.000
B100 3% 0.163 -27% 0.000
40 mph Cruise B5 2% 0.427
B20 -3% 0.160
B50 0% 0.986
B100 0% 0.868
50 mph Cruise B5 1% 0.649
B20 -2% 0.330 -7% 0.003
B50 -6% 0.002 -9% 0.066
B100 -14% 0.000 -25% 0.000

Table 3-4. CO Percentage Differences Between thedgliesel Blends and the CARB ULSD
base fuel for each Cycle.

CO emissions show a trend of increasing emissidtis imcreased average cycle power for the
animal-based biodiesel for all blends and for thye-lsased biodiesel for the ULSD and the B20
blends. This is shown in Figure 3-27 for the sogduhbiodiesel and in Figure 3-28 for the
animal-based biodiesel. For the B50 and B100 bléodshe soy-based biodiesel, the data did
not show an increase with increasing power. Thiskmattributed in part to the increase in CO
emissions for these blends on the UDDS cycle. Tifferential between CO emissions for a
biodiesel blend and the base fuel is shown as etitumof power in Figure 3-29 for the soy-
based biodiesel and in Figure 3-30 for the aninaaleld biodiesel, and as function of fuel
consumption in Figure 3-31 for the soy-based bmaliand in Figure 3-32 for the animal-based
biodiesel. For the soy-based biodiesel, the Cdfitials show a reverse trend, with the highest
increases seen at the lowest power/fuel use lavehe UDDS. The CO differentials for the
animal-based biodiesel did not show any strongdeas a function of average cycle power or
fuel consumption. In fact, the highest differergifbr the animal-based biodiesel were for the
FTP certification test that had the middle poweina
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Average Cycle Power vs. CO - Soy Biodiesel
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Figure 3-27. Average Cycle Power vs. CO Emissions for Testing on Soy-Based Biodiesel Blends

Average Cycle Power vs. CO - Animal Biodiesel
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Figure 3-28. Average Cycle Power vs. CO Emissions for Testing on Animal-Based Biodiesel
Blends
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Average Power vs. CO Change - Soy Biodiesel
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Figure 3-29. Average Cycle Power vs. CO Emissions Change for Testing on Soy-Based Biodiesel
Blends
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Figure 3-30. Average Cycle Power vs. CO Emissions Change for Testing on Animal-Based
Biodiesel Blends
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Fuels Use vs. CO Change - Soy Biodiesel
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Figure 3-31. Fuel Consumption vs. CO Emissions Change for Testing on Soy-Based Biodiesel
Blends
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Figure 3-32. Fuel Consumption vs. CO Emissions Change for Testing on Animal-Based Biodiesel
Blends
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3.5 CO, Emissions

The CQ emission results for the testing with the soy-dasiediesel feedstock and the animal-
based biodiesel feedstock are presented in Fig@&ahdError! Reference source not found,
respectively, on a g/bhp-hr basis. Table 3-5 shtihespercentage differences for the different
biodiesel feedstocks and blend levels for the ckffie test cycles, along with the associated p-
values for statistical comparisons using a t-test.
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Figure 3-33. Average CQ Emission Results for the Soy-Based Biodiesel Fe&alk
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CO, Emissions - Animal Biodiesel
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Figure 3-34. Average CO, Emission Results for the Animal-Based Biodiesel Feedstock

The test results overall showed a slight increase@, emissions for the higher biodiesel blends.
This increase ranged from about 1-4% with the m®es being statistically significant for the
B100 fuels for all of the tests, and for the B56lfior the cruise cycles and some other cycles.

Soy -based Animal - based
% P- % P-
CARB vs. Difference values Difference values
uDDS B20 0.8% 0.448 -0.6% 0.640
B50 2.5% 0.055 1.2% 0.201
B100 4.2% 0.003 2.5% 0.016
0.1%
FTP B5 (Mit) 0.816 -0.3% 0.191
-0.1%
B10 (Mit) 0.569
B20 0.4% 0.309 0.1% 0.733
B50 0.5% 0.159 0.4% 0.117
B100 1.5% 0.007 0.7% 0.018
40 mph Cruise B5 1.7% 0.085
B20 0.8% 0.056
B50 1.3% 0.053
B100 3.0% 0.000
50 mph Cruise B5 0.0% 0.959
B20 0.6% 0.227 0.7% 0.170
B50 1.2% 0.008 1.5% 0.014
B100 2.6% 0.000 1.6% 0.008

Table 3-5. CQ Percentage Differences Between the Biodiesel Blendnd the CARB ULSD
base fuel for each Cycle.
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3.6 Brake Specific Fuel Consumption

The brake specific fuel consumption results forteeting with the soy-based biodiesel feedstock
and the animal-based biodiesel feedstock are piexsen Figure 3-35 anérror! Reference
source not found, respectively, on a gallons per brake horsepoweer tigal./bhp-hr) basis.
Error! Reference source not found.shows the percentage differences for the diffebeodiesel
feedstocks and blend levels for the different tgsfes, along with the associated p-values for
statistical comparisons using a t-test.
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Figure 3-35. Average Brake Specific Fuel ConsumptioResults for the Soy-Based Biodiesel
Feedstock
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BSFC - Animal Biodiesel

0.10

0.09
0.08

0.07

0.06

0.05
0.04
0.03

BSFC (gals./bhp-hr)

0.02

0.01

@ ULSD

B B20 - Animal
0O B50 - Animal
EB100 - Animal ||
0O B5 - Animal

0.00

Figure 3-36. Average Brake Specific Fuel Consumption Results for the Animal-Based Biodiesel

Feedstock

The biodiesel blends showed an increase in fuedwoption with increasing levels of biodiesel.
This is consistent with expectations based ondhet energy density of the biodiesel. The fuel
consumption differences were generally greateittiersoy-based biodiesel in comparison with
the animal-based biodiesel. The changes in fuetwoption for the soy-based biodiesel blends
range from 1.4 to 1.8% for the B20 to 6.8 to 9.8t the B100. The changes in fuel
consumption for the animal-based biodiesel blemdge from no statistical difference to 2.6%

uUDDS FTP

for the B20 to 4.4 to 6.7% for the B100.

42

50 mph Cruise



Soy -based Animal - based

P- % P-
CARBvs. % Difference values Difference values
ubDS B20 1.8% 0.093 1.2% 0.404
B50 5.1% 0.001 3.1% 0.005
B100 9.8% 0.000 6.7% 0.000
FTP B5 2.2% (Mit) 0.095 2.9% 0.031
B10 -2.4% (Mit)  0.018
B20 1.4% 0.001 1.4% 0.145
B50 3.1% 0.000 1.8% 0.038
B100 6.8% 0.000 4.4% 0.001
40 mph Cruise B5 1.9% 0.065
B20 1.8% 0.001
B50 3.8% 0.000
B100 8.4% 0.000
50 mph Cruise B5 0.3% 0.690
B20 1.6% 0.002 2.6% 0.010
B50 3.8% 0.000 3.5% 0.000
B100 8.0% 0.000 5.9% 0.000

Table 3-6. Brake Specific Fuel Consumption Percengge Differences Between the Biodiesel
Blends and the CARB ULSD base fuel for each Cycle.
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4.0 Renewable Diesel and GTL Results

4.1 NO, Emissions

Renewable and GTL diesel fuels are considered tanleepotential strategy for meeting the low
carbon fuel standard requirements as well as nitigany NQ increases seen with increasing
levels of biodiesel. NQemissions for the different blends and differesdttcycles for the
renewable diesel fuel and the GTL diesel fuel dmews in Figure 4-1 and Figure 4-2,
respectively, on a g/bhp-hr basis. For the GTLaliesnly FTP testing was done, since this fuel
was tested primarily for inclusion in the N@itigation testing discussed below and, as such, i
was not characterized over the full range of cyalesd to characterize the other fuels. The
results for each test cycle/blend level combinatepresent the average of all test runs done on
that particular combination. The error bars repnesee standard deviation on the average value.

NO, Emissions - Renewable Blends
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Figure 4-1. Average NQ Emission Results for the Renewable Blends
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NO, Emissions - GTL Blends
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Figure 4-2. Average NQ Emission Results for the GTL Blends

NOy emissions showed a trend of decreasing emissitgthsinvereasing levels of the renewable
and GTL diesel fuels. Table 4-1 shows the percentiifferences for the different renewable
blends for the different test cycles, along with #ssociated p-values for statistical comparisons
using a t-test.

Renewable GTL
% P- % P-
CARB vs. Difference values Difference values
UDDS 20% blend -4.9% 0.000

50% blend -10.2% 0.000
100% blend  -18.1% 0.000
FTP 20% blend -2.9% 0.000 -0.9% 0.053
50% blend -5.4% 0.000 -5.2% 0.000
100% blend -9.9% 0.000 -8.7% 0.000
50 mph Cruise 20% blend -3.8% 0.007
50% blend -7.8% 0.000
100% blend  -14.2% 0.000

Table 4-1. NQ, Percentage Differences Between the Renewable and’IGBlends and the
CARB ULSD base fuel for each Cycle.
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For the renewable and GTL diesel fuels, the reslitsv a steady decrease in Némissions
with increasingly higher levels of renewable digsel. Over the FTP cycle, the N@eductions
for the renewable and GTL diesel were comparable elach of the blend levels. Larger
emissions reductions were found over the UDDS ands€ cycles, where only the renewable
diesel fuel was tested. It should be noted thatriagnitude of the impact of N@eductions over
the 50 mph cruise cycle was somewhat impacted éydifiering engine operation conditions
discussed in Section 2.7.

The reductions in NOfor the renewable diesel fuel are comparable tse¢hfound in previous
studies of heavy-duty engines (Rothe et al. 200@jnkkchek 2005; Aatola et al. 2008) and
busses (Kuronen et al. 2007; Erikkila and Nylunal)aol00% renewable blend. The reduction of
5.4% for the R50 blend on the FTP is similar to 5B reduction seen by Rothe et al. (2005) for
a 50% blend on a heavy-duty engine. ThexN€ductions for the renewable diesel are also
consistent with model predictions based on the ERAiified Model (Hodge, 2009). In previous
studies, statistically significant NGeductions for the renewable diesel were not foiandall
testing configurations, however, including somedowlend levels (Aatola et al. 2008; Erkkila
and Nylund) and for light-duty vehicles (Rantanéale2005).

In comparison with the biodiesel feedstocks, theele of reduction are less than the
corresponding increases in N€een for the soy-base biodiesel, but are more ambfe to the
increases seen for the animal-based biodiesel dlewdth respect to NOmitigation, this
suggests that the renewable and GTL diesel fueldewill need to be slightly greater than the
corresponding biodiesel level in order to mitigtte associated NOncrease, as discussed in
further detail below. This is especially true fbetsoy-based biodiesel blends.

The renewable diesel fuel was characterized owediffierent cycles with different power levels,
while the GTL fuel was not. NOemissions are plotted against cycle average pdwethe
renewable blends in Figure 4-3. These data shoinNig emissions increase with average cycle
power, as with the results in section 3.1. The/M{iferential between the CARB ULSD and the
different blends was not a function of either ageraycle power or fuel consumption, as shown
in Figure 4-4 and in Figure 4-5, respectively. Teh€sgures show that the lowest reductions in
NOy, with the renewable fuel blend were found for tAd°Fcertification cycle, which was in the
middle of the power range examined.
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Average Cycle Power vs. NQ- Renewable Blends
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Figure 4-3. Average Cycle Power vs. NO, Emissions for Testing on the Renewable Blends
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Figure 4-4. Average Cycle Power vs. NO, Emissions Change for Testing on the Renewable Blends
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Fuel Use vs. NQ Change - Renewable Blends
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Figure 4-5. Fuel Consumption vs. NO, Emissions Change for Testing on the Renewable Blends

4.2 PM Emissions

The PM emission results for the testing with theewgable and GTL diesel are presented in
Figure 4-6 anderror! Reference source not found, respectively, on a g/bhp-hr badisror!
Reference source not foundshows the percentage differences for the renewatde GTL
diesel for the different test cycles, along witlk @ssociated p-values for statistical comparisons
using a t-test.
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PM Emissions - Renewable Blends
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Figure 4-6. Average PM Emission Results for the Rexwable Blends
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Figure 4-7. Average PM Emission Results for the GTL Blends
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PM emissions showed consistent and significantataius for the renewable and GTL blends,
with the magnitude of the reductions increasinghwiiend level. The reductions for the
renewable diesel were statistically significant tiee higher blends and ranged from 12-15% for
the R50 and from 24-34% for the R100. A statislycaignificant 4% reduction was also found
for the R20 over the FTP. The GTL fuel showed &steally significant reduction over the FTP,
with reductions ranging from 8% for the 20% blerd 29% for the 100% blend. Similar
reductions are found for the UDDS, FTP, and Cruigdes for the renewable diesel indicating
that cycle load does not have a significant immarcthe PM reductions. The PM reductions for
the renewable diesel are consistent with modeligiieds based on the EPA’s Unified Model
(Hodge, 2009).

Renewable GTL
% P- % P-

CARB vs. Difference values Difference values
UDDS 20% blend -5% 0.401

50% blend -12% 0.044

100% blend -28% 0.000
FTP 20% blend -4% 0.023 -8% 0.000

50% blend -15% 0.000 -12% 0.000

100% blend -34% 0.000 -29% 0.000
50 mph Cruise 20% blend -3% 0.220

50% blend -14% 0.000

100% blend -24% 0.000

Table 4-2. PM Percentage Differences Between the avable and GTL Blends and the
CARB ULSD base fuel for each Cycle.

PM emissions showed a trend of increasing emissagnes function of average cycle power for
the various renewable blends, as presented iné&gu&. The PM differential between the CARB

ULSD and the different blends was not a functionetther average cycle power or fuel

consumption, as shown in Figure 4-9 and in Figufi® Arespectively. These Figures show that
the largest reductions in PM with the renewablé flends were found for the FTP certification

cycle, which was in the middle of the power ranganeined. Note that the PM reductions were
largest for the FTP while the corresponding \N®ductions were the smallest for the FTP
consistent with a classical tradeoff between,ld@d PM emissions.

50



Average Cycle Power vs. PM - Renewable Blends
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Figure 4-8. Average Cycle Power vs. PM Emissions for Testing on the Renewable Blends
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Figure 4-9. Average Cycle Power vs. PM Emissions Change for Testing on the Renewable Blends
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Fuel Use vs. PM Change - Renewable Blends
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Figure 4-10. Fuel Consumption vs. PM Emissions Change for Testing on the Renewable Blends

4.3 THC Emissions

The THC emission results for the testing with theewable and GTL diesels are presented in
Figure 4-11 andError! Reference source not found, respectively, on a g/bhp-hr badisror!
Reference source not foundshows the percentage differences for the renewate GTL
diesels for the different test cycles, along with issociated p-values for statistical comparisons
using a t-test.
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THC Emissions - Renewable Blends
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Figure 4-11. Average THC Emission Results for the &ewable Blends
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Figure 4-12. Average THC Emission Results for the GTL Blends
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For the THC emissions, the GTL fuel showed statidiy significant reductions over the FTP
that increased with increasing blend level. Theskictions ranged from 5% for the 20% blend
to 28% for the 100% blend. The renewable diesel rditl show consistent trends for THC
emissions over the different test cycles. Staafliicsignificant THC reductions were found for
the renewable diesel fuel for the lowest load UD&Sle, with the THC reductions increasing
with increasing levels of the renewable diesel.f&ekr the other cycles/blend levels, statistically
significant reductions were only found for the R18i@nd over the FTP. In several previous
studies of the renewable diesel fuel, more consisted robust reductions in THC as a function
of increasing blend level have been found (RothaleR005; Kleinschek 2005; Aatola et al.
2008; Rantanen et al. 2008). These differences fiioen current study could be related to
differences in the distillation properties of theells used in the different studies. In the European
studies with the NExBTL fuel, a summer grade wasdushile a winter grade NExXBTL was
used in the current study. The summer grade NExB&d higher T10 and T50 distillation
temperatures, which are important parameters wapect to hydrocarbon emissions in the
EPA'’s Unified Model. In fact, predictions with tiePA’s Unified Model show that there should
not be any significant differences between the Tét@ssions for the CARB fuel in comparison
with the NExXBTL winter blend used in the study, wdes the model predicts more significant
and measureable reductions between the Europeandesel fuel and the NEXBTL summer
blends used in the previous studies (Hodge, 2008hould also be noted that in some cases in
earlier studies, statistically significant reduoowere not identified due to low THC emission
levels from the engine or for lower blend levelsi(Bnen et al. 2007; Erikkila and Nylund).

Renewable GTL
% P- % P-

CARB vs. Difference values Difference values
UDDS 20% blend -3% 0.018

50% blend -6% 0.002

100% blend -12% 0.000
FTP 20% blend 0% 0.719 -5% 0.000

50% blend 0% 0.777 -16% 0.000

100% blend -4% 0.057 -28% 0.000
50 mph Cruise 20% blend 2% 0.207

50% blend 2% 0.230

100% blend -1% 0.510

Table 4-3. THC Percentage Differences Between theeRewable and GTL Blends and the
CARB ULSD base fuel for each Cycle.

THC emissions showed a trend of increasing emissasna function of average cycle power for
the various renewable blends, as presented in &igtk3. The THC differential between the
CARB ULSD and the different blends showed a trefdrmaller reductions for cycles with

higher average power levels and greater fuel copiom as shown in Figure 4-14 and in Figure
4-15, respectively. It should be noted, howeveat the reductions in THC emissions for the
FTP and 50 mph Cruise were only statistically gigant for the R100 fuel over the FTP. Thus,
any trends are primarily driven by the larger eioiss reductions for the lightly loaded UDDS
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Average Cycle Power vs. THC - Renewable Blends
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Figure 4-13. Average Cycle Power vs. THC Emissions for Testing on the Renewable Blends
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Figure 4-14. Average Cycle Power vs. THC Emissions Change for Testing on the Renewable
Blends
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Fuel Use vs. THC Change - Renewable Blends
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Figure 4-15. Fuel Consumption vs. THC Emissions Change for Testing on the Renewable Blends

4.4 CO Emissions

The CO emission results for the testing with theeveable and GTL diesels are presented in
Figure 4-16 andrror! Reference source not found, respectively, on a g/bhp-hr badisror!
Reference source not foundshows the percentage differences for the renewatde GTL
diesels for the different test cycles, along wite issociated p-values for statistical comparisons
using a t-test, along with the associated p-valoestatistical comparisons using a t-test.
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CO Emissions - Renewable Blends
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Figure 4-16. Average CO Emission Results for the Rewable Blends

CO Emissions - GTL Blends

0.80

0.70
0.60
0.50
0.40
0.30
0.20

CO Emissions (g/bhp-hr)

0.10

0.00 -
CARB ULSD GTL20 GTL50 GTL100

Figure 4-17. Average CO Emission Results for the GTL Blends
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Reductions in CO emissions with the renewable diest were found for the UDDS and FTP
cycles, but not for the cruise cycle. Over thesdeas; the percentage reductions increased with
increasing renewable diesel fuel blend. The GTL &iso showed similar reductions over the
FTP. The comparisons of CO emissions over the 50 cnpise may have been complicated by
the changes in engine operation that were seethdoicycle. The reductions in CO emissions as
a function of renewable blend level for the UDDSIahe FTP are within the range seen in
previous studies of renewable blends in enginechiadsis dynamometer tests (Rothe et al. 2005;
Kleinschek 2005; Aatola et al. 2008; Rantanen eR@08; Kuronen et al. 2007; Erikkila and
Nylund). The cruise cycle did not show consistaends due to the variability of engine
operation, as explained under section 2.7.

Renewable GTL
% P- % P-

CARB vs. Difference values Difference values
UDDS 20% blend -16% 0.000

50% blend -23% 0.000

100% blend -33% 0.000
FTP 20% blend -4% 0.022 -6% 0.000

50% blend -8% 0.000 -10% 0.000

100% blend -12% 0.000 -14% 0.000
50 mph Cruise 20% blend 0% 0.831

50% blend 1% 0.234

100% blend 3% 0.022

Table 4-4. CO Percentage Differences Between the mavable and GTL Blends and the
CARB ULSD base fuel for each Cycle.

CO emissions showed a trend of increasing emisssre function of average cycle power for
the various renewable blends, as presented in &iget8. The CO differential between the
CARB ULSD and the different blends showed a trefdmaller reductions for cycles with
higher average power levels and greater fuel copiom as shown in Figure 4-19 and in Figure
4-20, respectively. These trends are similar toséhgeen for the THC emissions for the
renewable blends. The trend is slightly more roldostthe CO emissions since the emissions
reductions for both the UDDS and FTP are statibyicagnificant, as well as the reductions for
the R100 blend for the 50 mph cruise. Again, howetlee comparisons for CO emissions over
the 50 mph cruise may have been complicated bgtihages in engine operation that were seen
for that cycle.
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Average Cycle Power vs. CO - Renewable Blends
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Figure 4-18. Average Cycle Power vs. CO Emissions for Testing on the Renewable Blends
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Figure 4-19. Average Cycle Power vs. CO Emissions Change for Testing on the Renewable Blends
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Fuel Use vs. CO Change - Renewable Blend
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Figure 4-20. Fuel Consumption vs. CO Emissions Change for Testing on the Renewable Blends

4.5 CO, Emissions

The CQ emission results for the testing with the renewaditd GTL diesels are presented in
Figure 4-21 and Figure 4-22, respectively, on d&g/br basis. Table 4-5 shows the percentage
differences for the renewable and GTL diesels fw different test cycles, along with the
associated p-values for statistical comparisonsguait-test.
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CO, Emissions - Renewable Blends
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Figure 4-21. Average CQ Emission Results for the Renewable Blends
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Figure 4-22. Average CQ Emission Results for the GTL Blends
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The CQ emissions for the neat or 100% blend of renewaldsel and the 50% and 100%
blends of the GTL fuels were lower than those fer CARB ULSD for each of the test cycles.
This slight reduction in C®emissions is consistent and comparable to prestudies of the
renewable diesel fuel (Kleinschek 2005; Rantaneal.e2005, Kuronen et al. 2007). There were
no statistically significant C@differences between the CARB ULSD and the 20% dleithe
renewable or GTL fuels or the 50% blend of the weaide blend.

Renewable GTL
% P- % P-
CARB vs. Difference values Difference values
UDDS 20% blend -0.4% 0.595

50% blend -0.7% 0.448
100% blend -3.3% 0.002
FTP 20% blend -0.3% 0.652 0.0% 0.933
50% blend -1.0% 0.124 -1.9% 0.001
100% blend -3.4% 0.000 -3.5% 0.000
50 mph Cruise 20% blend 0.0% 0.972
50% blend 0.0% 0.996
100% blend -2.1% 0.011

Table 4-5. CO, Percentage Differences Between the Renewable and GTL Blends and the CARB
ULSD base fuel for each Cycle.

4.6 Brake Specific Fuel Consumption

The brake specific fuel consumption emission redoit the testing with the renewable and GTL
diesels are presented in Figure 4-23 Bnar! Reference source not found, respectively, on a
gal./bhp-hr basis€rror! Reference source not found.shows the percentage differences for the
renewable and GTL diesels for the different testiey, along with the associated p-values for
statistical comparisons using a t-test.
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BSFC - Renewable Blends
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Figure 4-23. Average Brake Specific Fuel ConsumptioResults for the Renewable Blends
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Figure 4-24. Average Brake Specific Fuel Consumption for the GTL Blends
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The brake specific fuel consumption data showedeasing fuel consumption with increasing
levels of renewable and GTL diesel fuel. The insesan fuel consumption range from 1.0-1.4%
for the R20 and 5.1 to 6.6% for the R100. The iases in fuel consumption with blend level are
slightly higher for the cruise cycle compared te lower load UDDS and FTP. The fuel

consumption differences are consistent with thalte$rom previous studies (Rothe et al. 2005;
Kleinschek 2005; Aatola et al. 2008; Rantanen eR@08; Kuronen et al. 2007; Erikkila and

Nylund), and can be attributed to the lower densityenergy density of the renewable fuel
compared to the CARB baseline fuel. The brake §ipdael consumption increases for the GTL
ranged from 1.3% for the 20% blend to 3.3% for186% blend.

Renewable GTL
% P- % P-
CARB vs. Difference values Difference values
UDDS 20% blend 1.0% 0.255

50% blend 3.1% 0.007
100% blend 5.1% 0.000
FTP 20% blend 1.1% 0.117 1.3% 0.001
50% blend 2.9% 0.001 1.4% 0.008
100% blend 5.2% 0.000 3.3% 0.000
50 mph Cruise 20% blend 1.4% 0.107
50% blend 4.0% 0.000
100% blend 6.6% 0.000

Table 4-6. Brake Specific Fuel Consumption Percentge Differences Between the
Renewable and GTL Blends and the CARB ULSD base fu#or each Cycle.
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5.0 NO, Mitigation Results
5.1 NO; Emissions

The mitigation of the NQemissions is one of the most critical elementdhisf program. For this
program, a variety of strategies examined. Thestuded formulations with additives and
renewable and diesel fuels. The Némission results for the various mitigation styste are
presented in Figure 5-1 on a gram per brake hoveepbour basis. The results for each test
cycle/blend level combination represent the averafeall test runs done on that particular
combination within a particular test period. The Nfiltigation testing was conducted over three
separate test periods, the results of which araratgd by the vertical lines in the figure. All
comparisons with the CARB diesel are based on thRECdiesel results from that specific test
period, so that the impacts of drift between ddfertest periods was minimized. The error bars
represent one standard deviation on the average.val
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Figure 5-1. Average NO, Emission Results for the NO, Mitigation Formulations

Table 5-1 shows the percentage differences foditferent mitigation formulations along with
the associated p-values for statistical comparis@imgy a t-test. Again note that all comparisons
with the CARB diesel are based on the CARB diessllts from that specific test period. The
results show that several of the formulations weitker NQ neutral or showed reductions in
NOy in comparison with the based CARB fuel. These fdations are shaded in the Table.
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Several lower level blends were tested in thisiporof the program. This included a B10-soy
and a B5-soy. The results from the B20-soy fromphmary testing on the soy-based biodiesel
feedstock are also included for comparison. Thésed/ and B10-soy blends both also showed
increases in NQin comparison with the CARB fuel, although thergmses were approximately
1/3 of the increases seen for the B20-soy blendlit/ahally, a blend composed of 10% soy-
biodiesel and 10% animal-based biodiesel with 80#RB ULSD was tested. This blend
showed an increase of approximately 3.9%, whiclapproximately the same value as the
average of the increases for the B20-soy (+6.6%)tha B20-animal (+1.5%). This indicates
that the NQ impact for a particular biodiesel feedstock camtiggated in part by blending with
another biodiesel feedstock with a lower tendemcyrfcreasing NQ

CARB vs. % Difference  P-values

B5-S 2.2% 0.000
B10-S 2.6% 0.000
B20 — S* 6.6% 0.000
B20-S 1% DTBP 0.0% 0.959
B10-S 1% DTBP -1.1% 0.002
B20-S 1% 2-EHN 6.3% 0.000
B5-S 1% 2-EHN 3.1% 0.000
R80/B20-soy -3.0% 0.000
CARB25/R55/B20-S -0.8% 0.029
CARB70/R20/B10-S 0.9% 0.014
CARB75/R20/B5-S 0.2% 0.674
CARB80/B10-S/B10-A 3.9% 0.000
CARBB80/R15/B5-S 0.7% 0.117
CARBB80/R13/B3-S/B4-A -0.3% 0.501
CARB53/G27/B20-S 2.1% 0.000
CARB80/G10/B10-S 2.4% 0.000
CARBB80/G15/B5-S -0.7% 0.068
CARB80/R10/B10-S

0.25% DTBP -1.3% 0.002

* From testing with soy-biodiesel feedstock

Table 5-1. NQ Percentage Differences Between the Blends used the NO; Mitigation and
the CARB ULSD base fuel.

Two additives were tested in this test phase, ZHa¢txyl nitrate (2-EHN) and di tertiary butyl
peroxide (DTBP). Of these two additives, the DTBRswhe most effective in this testing
configuration. A 1% DTBP additive blend was foundully mitigate the N@ impacts for a B20
soy biodiesel. Tests at a lower B10-soy biodiesslell with a 1% DTBP additive were
additionally found to reduce NCemissions below those of the CARB fuel. The 2-Eitbs
tested at 1% level in both a B20-soy and B5-soydleThis additive did not show any
significant NQ reductions from the pure blends for this engine.

A number of renewable and GTL blends with biodiesete also tested. At higher levels of the

renewable diesel fuel, the blends showed, d@nissions below those of the baseline CARB
ULSD. This included a R80/B20-soy and a CARB25/B2%-soy blend. At lower levels, more
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comparable to those that could potentially be usetneet the low carbon fuel standard, several
blends showed NQneutrality including a CARB75/R20/B5-soy, a CARBRBQ3/B3-soy/B4-
animal, and a CARB80/R15/B5-soy. A CARB80/GTL15/8% blend was also found to
achieve NQ neutrality. Overall, the renewable and GTL diegmigvide comparable levels of
reductions for NQneutrality at the 15% blend level with a B5-sog. discussed above, the level
of renewable or GTL diesel fuels can be reducedl lifiodiesel fuel with more favorable NO
characteristics is used. This is demonstrated bysiiccess of the CARB80/R13/B3-S/B4-A
blend that combined both the soy and animal-basedidsel. The use of an additive in
conjunction with lower levels of renewable diesatlaGTL can also be used to provide NO
neutrality, as shown by the CARB80/R10/B10-S 0.23¥8P blend.

5.2 PM Emissions

The PM emission results for the various mitigatgtrategies are presented in Figure 5-2 on a
g/bhp-hr basisError! Reference source not found.shows the percentage differences for the
various mitigation strategies for the differentttegcles, along with the associated p-values for
statistical comparisons using a t-test.
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Figure 5-2. Average PM Emission Results for the NO, Mitigation Formulations

The PM emissions for all of the N@nitigation formulations all showed reductions il For
both the additive blends and the renewable blemts. largest reductions were found for the
formulations with higher percentages of both biedlgB20) and the renewable diesel (55%-
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80%). Most of the other blends provided PM redugithat are slightly greater than those found
for the corresponding B20 or lower soy biodiesehbls.

CARB vs. % Difference  P-values
B5-S -6% 0.000
B10-S -17% 0.000
B20 — S* -25% 0.000
B20-S 1% DTBP -16% 0.000
B10-S 1% DTBP -6% 0.000
B20-S 1% 2-EHN -17% 0.000
B5-S 1% 2-EHN -4% 0.007
R80/B20-S -47% 0.000
CARB25/R55/B20-S -40% 0.000
CARB70/R20/B10-S -17% 0.000
CARB75/R20/B5-S -11% 0.000
CARB80/B10-S/B10-A -26% 0.000
CARBB80/R15/B5-S -11% 0.000
CARBB80/R13/B3-

S/B4-A -9% 0.000
CARB53/G27/B20-S -32% 0.000
CARB80/G10/B10-S -18% 0.000
CARBB80/G15/B5-S -9% 0.000
C80/R10/B10-S 0.25%

DTBP -11% 0.000

* From testing with soy-biodiesel feedstock

Table 5-2. PM Percentage Differences Between thedslds used for the NQ Mitigation and
the CARB ULSD base fuel.

5.3 THC Emissions

The THC emission results for the various mitigatstrategies are presented in Figure 5-3 on a
g/bhp-hr basisError! Reference source not found.shows the percentage differences for the
various mitigation strategies for the differentttegcles, along with the associated p-values for
statistical comparisons using a t-test.
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Figure 5-3. Average THC Emission Results for the NO, Mitigation Formulations

THC emissions showed consistent reductions forN@g mitigation blends ranging from 3 to
21%. These reductions were highest for the blenitls the B20 blend level. Generally, the
blends of biodiesel with either a renewable dieaeGTL diesel, or an additive showed THC
reductions that were either higher than or equiiaie the levels found for the biodiesel by itself
at a particular blend level.
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CARB vs. % Difference  P-values
B5-S -1% 0.087
B10-S -6% 0.000
B20-S -11% 0.000
B20-S 1% DTBP -16% 0.000
B10-S 1% DTBP -9% 0.000
B20-S 1% 2-EHN -16% 0.000
B5-S 1% 2-EHN -6% 0.000
R80/B20-soy -13% 0.000
CARB25/R55/B20-S -12% 0.000
CARB70/R20/B10-S -8% 0.000
CARB75/R20/B5-S -3% 0.014
CARB80/B10-S/B10-A -12% 0.000
CARBB80/R15/B5-S -3% 0.024
CARBB80/R13/B3-S/B4-A -2% 0.039
CARB53/G27/B20-S -21% 0.000
CARB80/G10/B10-S -7% 0.000
CARBB80/G15/B5-S -7% 0.000
CARB80/R10/B10-S 0.25% DTBP -9% 0.000

* From testing with soy-biodiesel feedstock

Table 5-3. THC Percentage Differences Between thddbds used for the NQ Mitigation
and the CARB ULSD base fuel.

5.4 CO Emissions

The CO emission results for the various mitigatsbrategies are presented in Figure 5-4 on a
g/bhp-hr basisError! Reference source not found.shows the percentage differences for the
various mitigation strategies for the differentttegcles, along with the associated p-values for
statistical comparisons using a t-test.
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Figure 5-4. Average CO Emission Results for the NO, Mitigation Formulations

All formulations used for the NOmitigation showed reductions in CO compared toGAdRB
fuel ranging from 3 to 19%. The formulations witiglner percentages of renewable/GTL diesel
fuel (R80, R55, and GTL27) with B20 and those watditives all showed statistically
significant reductions in CO emissions of 10% crager.
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CARB vs. % Difference P-values

B5-S -1% 0.471
B10-S -2% 0.171
B20 -S -3% 0.078
B20-S 1% DTBP -19% 0.000
B10-S 1% DTBP -14% 0.000
B20-S 1% 2-EHN -15% 0.000
B5-S 1% 2-EHN -12% 0.000
R80/B20-soy -16% 0.000
CARB25/R55/B20-S -13% 0.000
CARB70/R20/B10-S -3% 0.013
CARB75/R20/B5-S -3% 0.048
CARB80/B10-S/B10-A -6% 0.000
CARB80/R15/B5-S -4% 0.000
CARB80/R13/B3-S/B4-A -4% 0.005
CARB53/G27/B20-S -10% 0.000
CARB80/G10/B10-S -5% 0.000
CARB80/G15/B5-S -5% 0.000
CARB80/R10/B10-S 0.25% DTBP -11% 0.000

* From testing with soy-biodiesel feedstock

Table 5-4. CO Percentage Differences Between theeBdds used for the NQ Mitigation and
the CARB ULSD base fuel.

5.5 CO, Emissions

The CQ emission results for the various mitigation siyée are presented in Figure 5-5 on a
gram per brake horsepower hour basis. Table 5-%vshbe percentage differences for the
various mitigation strategies for the differentttegcles, along with the associated p-values for
statistical comparisons using a t-test.
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Figure 5-5. Average CO, Emission Results for the NO, Mitigation Formulations

The NQ mitigation formulations showed statistically sifycent changes for about half of the
formulations tested. The statistically significahanges were all reductions in £that were 2%
or less. This included some for the formulationthwiigher blends (55 and 80%) of renewable
diesel. This is consistent with the g@ductions seem for the higher blends of the raisv
diesel and GTL fuels discussed above.
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CARB vs. % Difference P-values

B5-S 0.1% 0.816
B10-S -0.1% 0.569
B20-S 0.4% 0.309
B20-S 1% DTBP -0.9% 0.000
B10-S 1% DTBP -0.2% 0.258
B20-S 1% 2-EHN 0.2% 0.362
B5-S 1% 2-EHN -0.1% 0.782
R80/B20-soy -2.0% 0.000
CARB25/R55/B20-S -1.5% 0.000
CARB70/R20/B10-S -0.4% 0.059
CARB75/R20/B5-S 0.3% 0.309
CARB80/B10-S/B10-A 1.2% 0.003
CARB80/R15/B5-S 0.2% 0.686
CARB80/R13/B3-S/B4-A 0.4% 0.251
CARB53/G27/B20-S -1.4% 0.001
CARB80/G10/B10-S 0.6% 0.150
CARB80/G15/B5-S -0.6% 0.018
CARB80/R10/B10-S 0.25% DTBP -0.8% 0.006

* From testing with soy-biodiesel feedstock

Table 5-5. CQ Percentage Differences Between the Blends used tbhe NO; Mitigation and
the CARB ULSD fuel.

5.6 Brake Specific Fuel Consumption

The brake specific fuel consumption results foryhgous mitigation strategies are presented in
Figure 5-6 on a gal./bhp-hr baskstror! Reference source not found.shows the percentage
differences for the various mitigation strategies the different test cycles, along with the
associated p-values for statistical comparisonsguait-test.
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Figure 5-6. Average Brake Specific Fuel Consumption Results for the NO, Mitigation Formulations

The fuel consumption for the NOmitigations formations was either higher than @t n
statistically different from the CARB fuel. This it surprising given that the fuel consumption
increased with higher blend levels of the biodidsels, the renewable diesel, and the GTL. The
increase in fuel consumption was highest for thesfuvith the highest combined percentages of
the renewable/GTL diesel and biodiesel. The B5Bh@ biodiesel blends, and the formulations
with the DTBP additive did not show statisticallgrgficant increases in fuel consumption.
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CARB vs. % Difference P-values

B5-S 0.3% 0.228
B10-S 0.3% 0.167
B20 — S* 1.4% 0.001
B20-S 1% DTBP 0.1% 0.748
B10-S 1% DTBP 0.2% 0.445
B20-S 1% 2-EHN 1.2% 0.000
B5-S 1% 2-EHN 0.1% 0.564
R80/B20-soy 5.7% 0.000
CARB25/R55/B20-S 4.1% 0.000
CARB70/R20/B10-S 1.7% 0.000
CARB75/R20/B5-S 2.2% 0.000
CARB80/B10-S/B10-A 2.2% 0.000
CARB80/R15/B5-S 1.6% 0.000
CARB80/R13/B3-

S/B4-A 1.9% 0.000
CARB53/G27/B20-S 1.3% 0.002
CARB80/G10/B10-S 1.7% 0.000
CARB80/G15/B5-S 0.6% 0.010
CARB80/R10/B10-S

0.25% DTBP 0.5% 0.081

* From testing with soy-biodiesel feedstock

Table 5-6. Brake Specific Fuel Consumption Percengge Differences Between the Blends
used for the NQ, Mitigation and the CARB ULSD base fuel.
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6.0 Summary

The California Air Resources Board is conductingoanprehensive study to better characterize
the emissions impacts of renewable fuels underiatyaof conditions in support of government
initiates to increase the use of alternative fuele goal of this study is to understand and, &o th
extent possible, mitigate any impact that biodidsed on NQ emissions from diesel engines.
This memorandum summarizes the results from tis¢ st engine under this comprehensive
program. The testing described in this memorandws @onducted on a 2006 Cummins ISM
engine in CE-CERT’s engine dynamometer laboratdhe testing included a baseline CARB
ultralow sulfur diesel (ULSD) fuel, two biodies@ddstocks (one soy-base and one animal-based)
tested on blend levels of B5, B20, B50, and B10@, @ renewable and a GTL diesel fuel tested
at 20%, 50%, and 100% blend levels. Testing was @sducted on up to 4 different engine test
cycles including a light loaded UDDS cycle, the FEAd 40 mph and 50 mph CARB cruise
cycles. These cycles represent different operatimglitions, and low, medium, and high loads.

A summary of the results is as follows:
Biodiesel Characterization:

* The average NQemissions show trends of increasing \N€nissions with increasing
biodiesel blend level, but the magnitude of thee&l differ between the different
feedstocks. The soy-based biodiesel blends showeaghar increase in NOemissions
for essentially all blend levels and test cyclescomparison with the animal-based
biodiesel blends.

* For the soy-based biodiesel over the FTP, the M@act ranged from an increase of
2.2% at the B5 level, to 6.6% at the B20 level2786 at the B100 level. The biodiesel
emissions impacts for the other cycles were confppar® but less than those found for
the FTP for the different blend levels. These iases were higher than the EPA base
case estimates for all of the test cycles. The, M@pacts found for the soy-based
biodiesel were consistent, however, with the EPAnedes for the “clean base fuel”
case, which would be more representative of a CARBel fuel.

* For the animal-based biodiesel feedstock, the Biission increases with biodiesel for
the FTP cycle were consistent with the EPA base easmates. The NOmpact for the
animal-based biodiesel over the FTP ranged fronmenease of 1.5% at the B20 level to
14% at the B100 level. For the lower load UDDS eyfdr the animal-based biodiesel
feedstock, the emissions differences were notstitzlly significant for any of the blend
levels. For the 50 mph cruise cycle, a statidicsignificant increase in NOx emissions
was only found for the B100 animal-based biodie$éle 50 mph cruise results were
obscured, however, by changes in the engine costitatiegy that appeared to occur over
a segment of this cycle.

* NOy emissions were found to increase as a functiorerafine load, as expected.
Comparing different cycles, the FTP seemed to stimvstrongest NQincreases for
biodiesel for both soy-based and animal-based blerithe impact of biodiesel on NO
emissions was not found to be a strong functiorerigine load, as was observed in
previous studies by EPA (Sze et al., 2007). Itassible that different engine mapping
procedures were utilized in the EPA study. Addigilbyy the results in this study for the
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highest load cycle are obscured by the differemtesngine operation that were observed
for the 50 mph cruise cycle.

PM emissions showed consistent and significantateolus for the biodiesel blends, with
the magnitude of the reductions increasing witmdléevel. This is consistent with a
majority of the previous studies of emissions frbimdiesel blends. The PM reductions
for both the soy-based and animal-based biodidsetlb were generally larger than those
found in the EPA study, and are closer to the eg@sifor an base case fuel than a clean
base fuel. Over the FTP, the PM reductions forsihyebased biodiesel ranged from 6%
for a B5 blend, to 25% for a B20 blend, to 58% Bd00. For the animal-based biodiesel
over the FTP, the PM reductions ranged from 19%HerB20 blend to 64% for B100.

For PM, the smallest reductions were seen for tb®$, or the lightest loaded cycle.
The PM reductions for biodiesel for the FTP and ¢hése cycles were comparable for
both fuels. Although there were some differencethepercent reductions seen for the
soy-based and animal-based biodiesel fuels, there wo consistent differences in the
PM reductions for these two feedstocks over thgeanwf blend levels and cycles tested
here.

THC emissions showed consistent and significanticgoins for the biodiesel blends,
with the magnitude of the reductions increasinghvidstend level. The THC reductions
over the FTP for the soy-based biodiesel rangett 866 for a B10 blend, to 11% for a
B20 blend, to 63% for B100. For the animal-basentligisel over the FTP, the THC
reductions ranged from 13% for the B20 blend to 7ft#B100. Overall, the THC
reductions seen in this study are consistent withsmilar to those found by EPA. The
THC reductions for both the soy-based and animsgthdiodiesel blends for B100 were
closer to those found in the EPA study for the Bl&@l for the base case fuels, while
the lower blend levels (i.e., B20 and B50), werd@tween those estimated by EPA for
the clean and base case fuels. For the soy-basdiksel, the reductions are slightly less
for the lower load UDDS, but for the animal-baséadiesel the THC reductions for all
the test cycles were similar. There was not a gttoend in the THC reductions with
biodiesel as a function of either power or fueluamption.

CO emissions showed consistent and significant ateshs for the animal-based
biodiesel blends, consistent with previous studi®ger the FTP, the THC reductions for
the animal-based biodiesel ranged from 7% for ebBhd, to 14% for a B20 blend, to
27% for B100. The CO reductions seen for the animagked biodiesel are comparable to
those seen for the EPA clean base fuel estimatésarb lower than those for the EPA
base case.

The CO trends for the soy-based biodiesel weredessistent. The CO emissions for the
soy-based biodiesel did show consistent reductiatisincreasing biodiesel blend levels
for the highest load, the 50 mph cruise cycle. therFTP and 40 mph cruise cycles, the
biodiesel blends did not show any strong trendatiked to the CARB ULSD and a
number of differences were not statistically sigmift. Interestingly, the CO emissions
for the lowest load UDDS cycle showed higher emissifor the biodiesel blends, with
the largest increase (62%) seen for the highestdblevel. Additional testing would
likely be needed to better understand the natuthesfe results, which are opposite the
trends seen in most previous studies.

Throughout the course of testing on the first eaggome outliers were observed in the
testing that appeared to be related to conditi@iswsthin the engine control module
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(ECM). The first condition occurred when the tengbere of the coolant water to the
charge air cooler dropped below 68°F. These test® wemoved from the subsequent
analyses. A second condition was also observedesta@nges in engine operation were
observed within the 50 mph CARB HHDDT cycle. Fasttest cycle, for a period of the
test cycle from approximately 300 to 400 seconds, distinct modes of operation were
observed. These tests were not removed from thigsasaas it was surmised that these
conditions could potentially occur in real-worldevption.

The biodiesel fuels showed a slight increase in @@issions for the higher blends. This
increase ranged from about 1-4% with the increlsayy statistically significant for the
B100 fuels for all of the tests, and for the B5@lftor the cruise cycles and some of the
other cycles.

The biodiesel blends showed an increase in fueswoption with increasing levels of
biodiesel. This is consistent with expectationseldasn the lower energy density of the
biodiesel. The fuel consumption differences wereegally slightly higher for the soy-
based biodiesel in comparison with the animal-bdsiediesel. The increases in fuel
consumption for the soy-based biodiesel blendsedrgn 1.4 to 1.8% for the B20 to 6.8
to 9.8% for the B100. The increases in fuel congiongor the animal-based biodiesel
blends range from no statistical difference to 2.&#the B20 to 4.4 to 6.7% for the
B100.

Renewable and GTL Diesdl Fuedls:

For the renewable and GTL diesel fuels, the resshisw a steady decrease in NO
emissions with increasingly higher levels of renbleadiesel fuel. Over the FTP cycle,
the NQ reductions for the renewable and GTL diesel wemapmarable for each of the
blend levels. For the FTP, the N€ductions for the renewable diesel ranged fra®8a2.
for the 20% blend to 9.9% for the 100% blend, whiie NQ reductions for the GTL
ranged from ~1% for the 20% blend to 8.7% for th@%0blend. Larger emissions
reductions were found over the UDDS and Cruise esjcivhere only the renewable
diesel fuel was tested. The reductions in ,Nfor the renewable diesel fuel are
comparable to those found in previous studies afaluty engines.

In comparison with the biodiesel feedstocks, theelle of NQ reduction for the
renewable and GTL fuels are less than the correbpgnncreases in NOseen for the
soy-base biodiesel, but are more comparable tonttreases seen for the animal-based
biodiesel blends. With respect to N@itigation, this suggests that the renewable and
GTL diesel fuel levels need to be blended at diyghigher levels than the corresponding
biodiesel in order to mitigate the associated, M@rease, as discussed in further detail
below. This is especially true for the soy-baseatiigsel blends.

PM emissions showed consistent and significant gialus for the renewable blends,
with the magnitude of the reductions increasinghvialend level. The reductions for the
renewable diesel were statistically significant fioe higher blends and ranged from 12-
15% for the R50 and from 24-34% for the R100. Aistigally significant 4% reduction
was also found for the R20 over the FTP. The GTdl flhowed a statistically significant
reduction over the FTP, with reductions rangingrfr8% for the 20% blend to 29% for
the 100% blend. Similar reductions are found far tWDDS, FTP, and Cruise cycles
indicating that cycle load does not have a sigaiftampact on the PM reductions.
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* For the THC emissions, the GTL fuel showed sta@dlly significant reductions over the
FTP that increased with increasing blend level.seheductions ranged from 5% for the
20% blend to 28% for the 100% blend. The renewdidsel did not show consistent
trends for THC emissions over the different testl@€y. This finding was consistent with
predictions based on the EPA’s Unified Model anc thssociated distillation
temperatures and other parameters of the fuelssihaved there should not be any
significant differences between the THC emissiomsthe CARB fuel in comparison
with the renewable winter blend used in the studigdge, 2009). Statistically significant
THC reductions were found for the renewable diésalfor the lowest load UDDS cycle,
with the THC reductions increasing with increadiexgls of the renewable diesel fuel.

* Reductions in CO emissions with the renewable tiestwere found for the UDDS and
FTP cycles, but not for the cruise cycle. Over ¢hegcles, the percentage reductions
increased with increasing renewable diesel fuehdléver the FTP, these reductions
ranged from 4% for the R20 to 12% for the R100. Theparisons of CO emissions
over the 50 mph cruise may have been complicatethdyhanges in engine operation
that were seen for that cycle. The GTL fuel alsovadd similar reductions over the FTP,
with reductions ranging from 6% for the 20% blead #% for the 100% blend.

* The CQ emissions for the neat or 100% blend renewableGirdfuels were lower than
those for the CARB ULSD for each of the test cyclHse reduction was on the order of
2-4% for the 100% blends. This slight reductionG@, emissions is consistent and
comparable to previous studies of the renewabketieel.

 The brake specific fuel consumption data showedesmsing fuel consumption with
increasing levels of renewable and GTL fuels. Ti@dases in fuel consumption range
from 1.0-1.4% for the R20 and 5.1 to 6.6% for th&0® The increases in fuel
consumption with blend level are slightly higher tbe cruise cycle compared to the
lower load UDDS and FTP. The fuel consumption iases for the GTL ranged from
1.3% for the 20% blend to 3.3% for the 100% bleHae fuel consumption differences
are consistent with the results from previous &sidand can be attributed to the lower
density or energy density of the renewable and Gléls compared to the CARB
baseline fuel.

NO, Mitigation:

* The impact of biodiesel on NCemissions depends on the feedstock or fundamental
properties of the biodiesel being blended. Blendfistwoo biodiesels with different
emissions impacts for N(provides a blend that shows a Ni@pact that is intermediate
between the two primary biodiesel feedstocks. Timscates that the NOimpact for a
particular biodiesel feedstock can be mitigategant by blending with another biodiesel
feedstock with a lower tendency for increasingyNO

» Two additives were tested for N@itigation, 2-EHN and DTBP. Of these two additives
the DTBP was the most effective in this testing figumation. A 1% DTBP additive
blend was found to fully mitigate the N@npacts for a B20 and B10 soy biodiesel. The
2-EHN was tested at 1% level in both a B20-soy B&éoy blend and did not show any
significant NQ reductions from the pure blends.

* The testing showed that renewable diesel fuelsbeablended with biodiesel to mitigate
the NQ impact. This included higher levels of renewabiesdl (R80 or R55) with a
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B20-soy biodiesel. Several lower level blends, glesil to be more comparable to those
that could potentially be used to meet the low carbuel standard, also showed NO
neutrality, including a CARB75/R20/B5-soy blend CARB80/R13/B3-soy/B4-animal
blend, a CARB80/R15/B5-soy blend, and a CARB80/G3/Bb-soy blend. Overall, the
renewable and GTL diesels provide comparable leMeteductions for NQneutrality at
the 15% blend level with a B5-soy.

The level of renewable or GTL diesel fuels can &g#uced if a biodiesel fuel with more
favorable NQ characteristics is used. This is demonstrated Hey success of the
CARB80/R13/B3-S/B4-A blend that combined both tbg and animal-based biodiesel.
The use of an additive in conjunction with lowerdts of renewable diesel and GTL can
also be used to provide NOneutrality, as shown by the success of the
CARB80/R10/B10-S 0.25% DTBP blend.

The PM emissions for all of the NOnitigation formulations all showed reductions in
PM for both the additive blends and the renewald@ds. The largest reductions were
found for the formulations with higher percentagd#sboth biodiesel (B20) and the
renewable diesel (55%-80%). Most of the other bdepibvided PM reductions that are
slightly greater than those found for the corresinog B20 or lower soy biodiesel blends.
THC emissions showed consistent reductions for nebshe NQ mitigation blends
ranging from 3 to 21%. These reductions were higfeeshe blends with the B20 blend
level. Generally, the blends of biodiesel with ertla renewable diesel, a GTL diesel, or
an additive showed THC reductions that were eitiigher than or equivalent to the
levels found for the biodiesel by itself at a pautar blend level.

All formulations used for the NOmitigation showed reductions in CO compared to the
CARB fuel ranging from 3 to 19%. The formulationdttw higher percentages of
renewable diesel fuel (R80, R55, and GTL27) withOBthd those with additives all
showed statistically significant reductions in C@igsions of 10% or greater.

The NQ mitigation formulations showed statistically sifjrant changes in COfor
about half of the formulations tested. The stai#ly significant changes were all
reductions in CQthat were 2% or less. This included some for trentilations with
higher blends (55 and 80%) of renewable diesels Tiki consistent with the GO
reductions seen for the higher blends of the rebvdiesel and GTL fuels discussed
above.

The fuel consumption for the N@nitigations formations was either higher than ot n
statistically different from the CARB fuel. The me@ase in fuel consumption was highest
for the fuels with the highest combined percentagfeke renewable diesel and biodiesel.
This is consistent with the fuel consumption insexhseen for the higher blend levels of
the biodiesel fuels, the renewable diesel, and3hk diesel.
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Appendix A — Full Fuel Properties
Table A-1 CARB ULSD and Renewable Diesel D975 Spécations

Units Test Method| CARB ULSD| NExBTL GTL

Sulfur Content Mass ppm D5453-93 3.3 0.3 0.9
Total Aromatic Content | mass% D5186-96 18.6 0.4 0.5
PAH mass% D5186-96 1.6 0.1 <0.27
Nitrogen Content Mass ppm D4629-96 0.8 1.3 <1
Natural Cetane # Rating D613-94 56.9 72.3 >74.8
Cetane Index Rating 57.4 76.9 76.3
Gravity, API APl @ 60°F D287-82 39.0 51.3 48.4
Viscosity Mm2/sec @ 40°C | D445-83 2.9 2.5 3.6
Flash Point °C D93-80 153 146 98.5
Distillation D86-96

ibp 337 326 419

10% °F 408 426 482

50% °F 526 521 568

90% °F 615 547 648

ep °F 661 568 673
Cloud point °C D2500 -13.7 -27.1 -1
Pour Point °C D-97 -17 -47 -6
Ash Mass % D-482 <0.001% | <0.001 <0.001
Ramsbottom Residue D524 0.03 0.0 0.023
Water and Sediment mL D1796 <0.02 <0.02 <0.02
Conductivity pS/m D2624 55 135 10
Corrosion 3 hr @ 50°C D130 1b la la

Table A-2 Neat Biodiesel ASTM 6751 Specifications

Test Method | Soy-based Animal based
Calcium & Magnesium | 5 max ppm (ug/g) EN 14538 <2 <2
Flash Point 93 oC min D93 169.3 164.3
Kin. Viscosity, 40 oC 1.9-6.0 mm2/sec D445 4.2 4.41
Sulfate Ash 0.02 max % mass D874 0.0 0.000%
Sulfur S15 0.0015 max % mass ppm | D5453 0.7 2
Copper Corrosion No. 3 max D130 la la
Cetane number 47 min D613 47.7 57.9
Cloud Point Report oC D2500 0 12.5
Carbon Residue 0.05 max % mass D4530 0.033% 0.015%
Acid Number 0.50 max mg KOH/g D664 0.20 0.26
Free Glycerin .020 % mass D6854 0.001% 0.008%
Total glycerin .240 % mass D6874 0.080% 0.069%
Phosphorous 0.001 max % mass D4951 <0.001% <0.001%
Distillation, T90 AET 360 oC max D1160 350 347.5
Na/K, combined 5 max ppm (ug/g) EN 14538 <2 <2
water and sediment D2709 <0.01 <0.01
API Gravity D1298/D287 29 28.5
Oxidation Stability 3 hour min (6 hr min1) EN 14112 6.7 3.9
Visual Appearance* D4176 1, 72F 1, 72F

*Free of un-dissolved water, sediment and suspended matter
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Table A-3 Characteristics of Biodiesel Blends

B5 - B20 - B50 - B5 - B20 - B50 -
soy soy soy animal | animal | animal
Flash Point, C, min ASTM D93 672 | 672 | 789 | 661 | 672 | 89.4
Water and sediment, vol%, max.| ASTM D2709
or D1796 <0.02 | <0.02 | <0.02 | <0.02 <0.02 <0.02
Physical Distillation, T90, C, ASTM D86
max 624.1 | 635.1 | 641.1 | 627.5 633.6 637.4
Kinematic Viscosity, cST@40 T | ASTM D445 2828 | 2969 | 3384 | 2.855 3038 3508
Ash, mass%, max ASTM D482 | 0 001 | <0.001 | <0.001 | <0.001 | <0.001 | <0.001
Sulfur, ppm, max ASTM D5453 32 25 29 38 37 38
Copper strip corrosion ASTM D130 1B 1A 1B 1A 1A 1B
Cetane Number, min. ASTM D613 56 55.4 56 58.4 50.8 59.7
Cloud point® ASTM D2500 | -16 -15 -1 -15 -14 2
Ramsbottom carbon residue STM D524 0.05 0.07 0.07 0.06 0.06 0.05
10% distill. residue, wt%, ma
Acid number, mg KOH/g, max. | ASTMD664 | <905 | <0.05 | 007 | <0.05 | <0.05 | 0.11
Phosphorus, wt%, max. ASTM D4951 <5 <5 <5 <5 <5 <5
FAME Content (IR) EN 14078 53 | 208 | 525 | 54 212 | 528
Oxidation Stability, Induction EN14112
time, hours min (Rancimat) 12 12 12 12 12 12
Table A-4 Characteristics of Renewable Diesel Blesd
TEST R-20 Bio-Diesel | R-50 Bio-Diesel | GTL50
Sulfur D5453 ppm 3.1 2.1
Cetane Number D613 59.3 65.0 61.5*
Total Aromatics D5186 Mass% 15.2 10.2
PolyArom Mass% 1.2 0.9
AP|_60F D287 degAPI 41.7 45.1
SPGr@60F D4052s 0.82 0.80
Copper D130 la la
Wat_Sed1 D1796 ml <0.02 <0.02
Cloud Pt D2500 Deg C -15.0 -18.0
EConduct D2624 pS/m 23.3 38.3
Temperat deg C 21.1 21.1
Viscosty D445 40c cSt 2.7 2.8
Nitrogen D4629 ppm <1.0 <1.0
Ash D482 mass % 0.0 0.0
RamsBottom D524 10% wit% 0.0 0.0
IBP D86 degF 345.0 337.2
FBP degF 656.5 637.7
D10 degF 419.4 425.0
D50 degF 521.7 523.3
D90 degF 605.2 583.4
Flash Point D93 degF 153.3 145.7
Pour Point D97 Deg C -18.0 -24.0
Cetane Index D976 60.0 66.3

* 50% GTL blend with a CARB basefuel with a 46.7 cetane number
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Appendix B — Development of the Light Load UDDS andCARB Heavy
Heavy-Duty Diesel Truck Engine Dynamometer Test Cyes

Collection of Data on Engine Operating Parameters

The light load UDDS and the heavily loaded 40 mphRB heavy heavy-duty diesel truck
(HHDDT) cruise cycles were both developed from apgoperating parameters. The engine
operating parameters were obtained by operatingtébe vehicle with the specific engine
installed on a chassis dynamometer while recortliegl1939 signal from the engine ECM. This
allowed the development on an engine dynamomeserciele that had a direct correspondence
to the loads the engine would experience when g a chassis dynamometer.

The 2006, 11 liter Cummins ISM was equipped inr@erhational truck chassis. This truck had
an empty weight of 13,200 Ibs. and a fully loadefaxity of 66,000 Ibs.

The chassis dynamometer test cycles were run atBZARleavy-Duty Vehicle Emissions
Testing Laboratory in Los Angeles, CA. The vehislas operated over the UDDS and 40 mph
CARB cruise cycles while the J1939 signal was ctdlé to obtained the engine parameters. The
“light” UDDS was run with the truck loaded to itsnpty weight, without a trailer. For the 40
mph CARB cruise cycle, the truck was loaded ondyreamometer to its fully loaded capacity.

A total of at least 7 iterations were performed dach test cycle to obtain a sufficiently robust
data set for the development of the engine dynartemtest cycles. During each test run,
regulated and standard gas phase data were cdliectading NMHC, CO, N@ and CQ.

The speed/time traces for the UDDS and the 40 mpRECcruise cycle are provided below in
Figures B-1 and B-2, respectively. Federal heavwy-diehicle Urban Dynamometer Driving
Schedule (UDDS) is a cycle commonly used to coleuissions data on engines already in
heavy, heavy-duty diesel (HHD) trucks. This cyctevers a distance of 5.55 miles with an
average speed of 18.8 mph and maximum speed opb8 m

The CARB Heavy Heavy-Duty Diesel Truck (HHDDT) 4®mCruise schedule is part of a four
mode test cycle developed for chassis dynamomegting by the California Air Resources
Board with the cooperation of West Virginia Univiegs This cycle covers a distance of 23.1
miles with an average speed of 39.9 mph and maxispaed of 59.3 mph.
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Figure B-1. Speed/Time Trace for UDDS cycle for thehassis dynamometer.
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Figure B-2. Speed/Time Trace for the 40 mph CARB Qrise cycle for the chassis
dynamometer.
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Initial Development of the Engine Dynamometer Test Cycles

The engine dynamometer cycles were developed frerengine speed and torque values from
the J1939 data stream. Initially, the engine spetitorque were averaged over all of the test
iterations. It was found that slight differencegime alignment between different test iterations
resulted in differences in the exact location @f fieaks in torque and engine speed. Specifically,
the engine parameters would be near a peak infavaghe cycle, while the loads for other test
cycles would be lower at the same point. As sueh peaks in engine speed and torque could not
be adequately represented with a cycle based smiedyeraging.

It was decided instead to utilize a single testaiien that was determined to be most
representative of the test run series on each cyele main criteria were used in selecting the
most representative set of engine parameters éocytble development.

--- NO emissions for the corresponding chassis testosepared with the average value.
--- CO, emissions for the corresponding chassis test eeipared with the average value.

Since NQ is the most important parameter of interest far &mngine dynamometer testing,
engine parameter data sets where the, M@issions differed by more than one standard
deviation from the mean value were excluded fromsateration. From the remaining cycles,
the cycle that was most representative of the geeNQ and CQ values was selected, with an
emphasis on NQemissions that were comparable to the averagevalu

Once the most representative engine parametesdateas selected, the engine RPM and torque
values were normalized to develop the engine cyidie. torque values were normalized from 0
to 100% for the maximum torque value based onefer@nce torque, the actual torque from the
J1939 signal, and the frictional torque from th@3H.signal. Engine RPM was normalized from
0 to 100%, where 0 represents idle and 100% reptefee maximum engine speed.

Testing and Final Development of Engine Dynamometer Test Cycles

The engine dynamometer test cycles were initiallp on the dynamometer without any
modification to evaluate how well the cycles cob&lfollowed on the engine dynamometer and
to provide a comparison with the regression parameturrently used for the FTP. With these
initial tests, the cruise cycle showed reasonapteeanent between the torque and rpm set points,
but the light-duty UDDS showed a greater deviafrom the set points than is typically seen for
the FTP. The cycle did not meet the regressiorraitused for the standard FTP and visual
comparisons showed that the measured torque ditbhoiv the setpoint torque during segment
of the cycle associated with gearshifts. In anréffo improve the performance of the cycle on
the engine dynamometer, additional tests were adeduwith varying settings of the
dynamometer controls, such as throttle response.

These issues are similar to those identified indégeelopment work for the cycles for the ACES
program, and can be attributed to the use of altlut the actual vehicle that removes the inertia
load from the engine during gear shifting. Since émgine driveshatft is directly coupled to the



dynamometer, this decoupling of the engine driweltannot be simulated on the engine
dynamometer. As such, these events were considerbd representative of the behavior that
can be expected when translating engine parameé&tvgeen a vehicle chassis and an engine
dynamometer.

To improve the operation of the cycles on the emgignamometer, the cycles were modified
slightly after the initial runs. Specifically, tmpm and torque values were set to zero for a period
of the cycle where the engine was in an idling ssgmThis eliminated small variations in rpm
that occur near the idle point in real operation amall torque values that would likely be
associated with auxiliary equipment when the engwes operating in the chassis. The
normalized cycles in their final form are presenteéfigures B-3 and B-4.
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Figure B-3. “Light-Duty” UDDS Engine Dynamometer Test Cycle for the 2006 Cummins
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Figure B-4. 40 mph CARB Heavy Heavy-Duty Diesel Trak (HHDDT) Cruise for the 2006
Cummins ISM

An engine dynamometer cycle based on the 50 mphECéRise cycle was also utilized for this
program. The CARB Heavy Heavy-Duty Diesel Truck (BIBIT) 50 mph Cruise schedule was
developed for chassis dynamometer testing by thdo@aa Air Resources Board with the
cooperation of West Virginia University. This cyabevers a distance of 10.5 miles with an
average speed of 48.9 mph and maximum speed oh§@h9 The speed/time trace for this cycle
is provided in Figure B-5. This cycle was includedallow the biodiesel NQimpact to be
evaluated over a wider range of loads. Since thestios of placing the engine back into the
vehicle to generate the J1939 data for this speefigine were too impractical, an engine
dynamometer test cycle version of this cycle thas wleveloped for the ACES program was
utilized (Clark et al., 2007). This cycle was depdd from data collected through the E55/59
chassis dynamometer study of heavy-duty trucks.efggne rpm/torque profile for the 50 cruise
engine dynamometer test cycle that was used isgedvn Figure B-6.
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Regression Satistics

Since the two developed cycles were inherentlyedtifit from the FTP, new regression statistics
were developed for each cycle. The new regressaiistics were developed based on replicate
runs of the cycles and comparisons between thessign runs for these cycles and those used
for the FTP.

The techniques used for the development of the regession statistics were similar to those
used in the ACES program cycle development. The rexyression statistics were scaled to
comparable values for the FTP based on the tolerammchow closely the parameter was met for
the standard FTP. The equations utilized for tloeseparisons were the same as those utilized in
the ACES programs, as provided below. In essehesgtequations provide the same margin of
error on a percentage basis for the new cycless agically utilized in the FTP. These were
utilized in cases where greater tolerance was mkfaiethe statistics than is typically given in
the FTP. In cases where the FTP regression statistiuld be readily met without modification,
the standard FTP criteria were maintained. In tseof the intercept for the power, examination
of the data indicated that the power intercept slagtly greater than that for the FTP for the
UDDS and cruise, but that the tolerance in thisistta could still be readily met by simply
doubling the value of the intercept used in the FAlBomparison of the FTP regression statistic
criteria with the values obtained for the developgdes is provided in Table B-1.

- [ EP. ‘4.i‘|"£?'p€i" - FT. actual -I
Xopper = -actual + actual
L F ‘T P actual A
- FIF, actual — EP. ‘4_-"::'14-'&.7'
Xipwer = _( I-m*funf + actual
o FIP _ .
\, actual A
Speed Torque Power
Slope Intercept SteYX Rsq Slope Intercept SteYX Rsqg Slope Intercept SteYX Rsq
FTP  upper 1.03 50 100 1 1.03 15 1885 1 1.083 5 30.95 1
lower 0.97 -50 0 0.97 0.83 -15 0 0.88 0.89 -5 0 091
UDDS upper 1.03 418 441 1.00 0.91 289 108.1 0.880 0.92 13.9 0.89
lower 0.97 -41.8 0 097 0.74 -28.9 0 0.775 0.79 0 0.81
Cruise upper 1.03 -79 441 1.00 1.05 22.2 1538 101 1.02 21.7 0.99
lower 0.97 7.9 0.0 0.97 0.84 -22.2 0.0 0.89 0.88 0.0 0.90

I alue doubled

Table B-1. Comparison of regression statisticeedatfor the FTP with values obtained for the
UDDS and Cruise. Shaded areas indicate criteriaevine values were greater than those for the
FTP and were modified for the regression criteria.



Appendix C — Background Information on UCR’s Mobile Emission Lab

Extensive detail is provided in (Cocker, et al.028,b) so this section is provided for those that
may not have access to that reference. Basicadlyntbbile emissions lab (MEL) consists of a

number of operating systems that are typically tbuma stationary lab. However the MEL lab is

on wheels instead of concrete. A schematic of MBd #s major subsystems is shown in the
figure below. Some description follows.

GPS: Pat,
Long, Elevation,
# Satellite Precision.

Diluted Exhaust: Temperature,
Absolute Pressure, Throat AP,
Flow.

CVS Turbine: 1000-4000 SCFM, Secondary Probe.  Gas Sample Probe. Secondary Dilution System*

Variable Dilution. V\ f PM (size, Mass). Drivers Aid.
o LI 1 - jﬂ]@

TTORO \f%lp/‘ﬂ"’g’o""”b?ﬁ ~
— 0= O

Gas Measurements: CO; %, Dilution Air: Temperature, Exhaust: Temperature, Engine Broadcast: Intake Temperature,
O, %, CO ppm, NOy ppm, Absolute Pressure, Throat AP, AP (Exhaust-Ambient), Coolant Temperature, Boost Pressure,
THC ppm, CH4 ppm. Baro (Ambient), Flow, Flow. Baro Pressure, Vehicle Speed (mph),

Dew Point (Ambient). Engine Speed (rpm), Throttle Position,
Other Sensor: Dew Point, Load (% of rated).

Ambient Temperature,
Control room temperature,
Ambient Baro,

Trailer Speed (rpm),

CVS Inlet Temperature.

Major Systems within the Mobile Emission Lab

The primary dilution system is configured as a-fldiv constant volume sampling (CVS)
system with a smooth approach orifice (SAO) venaumdl dynamic flow controller. The SAO
venturi has the advantage of no moving parts apdatable accuracy at high throughput with
low-pressure drop. As opposed to traditional diatiunnels with a positive displacement pump
or a critical flow orifice, the SAO system with dymic flow control eliminates the need for a
heat exchanger. Tunnel flow rate is adjustable #@®® to 4000 scfm with accuracy of 0.5% of
full scale. It is capable of total exhaust captiareengines up to 600 hp. Colorado Engineering
Experiment Station Inc. initially calibrated theowil rate through both SAOs for the primary
tunnel.

The mobile laboratory contains a suite of gas-plaasdyzers on shock-mounted benches. The
gas-phase analytical instruments measurg, N@thane (Ch), total hydrocarbons (THC), CO,
and CQat a frequency of 10 Hz and were selected basegptimum response time and on road
stability. The 200-L Tedlar bags are used to colkemnel and dilution air samples over a
complete test cycle. A total of eight bags are sodpd in the MEL allowing four test cycles to
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be performed between analyses. Filling of the hagsutomated with Lab View 7.0 software

(National Instruments, Austin, TX). A summary ofetlanalytical instrumentation used, their
ranges, and principles of operation is providethmtable below. Each modal analyzer is time-
corrected for tunnel, sample line, and analyzeaylgme.

Gas Component Range Monitoring Method
NOx 10/30/100/300/1000 (ppm) Chemiluminesceiljce
CO 50/200/1000/3000 (ppm) NDIR
CO, 0.5/2/8/16 (%) NDIR

THC 10/30/100/300/1000 & 5000 (ppmC) Heated FID
CHa 10/30/100/300/1000 & 5000 (ppmC) Heated FID

Summary of gas-phase instrumentation in MEL

C-2



Appendix D — Quality Assurance/Quality Control

Internal calibration and verification procedures gerformed regularly in accordance with the
CFR. A partial summary of routine calibrations penfied by the MEL as part of the data quality
assurance/quality control program is listed in €abt1l. The MEL uses precision gas blending
to obtain required calibration gas concentrati@@alibration gas cylinders, certified to 1 %, are
obtained from Scott-Marrin Inc. (Riverside, CA). Biging precision blending, the number of
calibration gas cylinders in the lab was reduced tand cylinders need to be replaced less
frequently. The gas divider contains a series adsvibow controllers that are calibrated regularly
with a Bios Flow Calibrator (Butler, New Jersey)daproduces the required calibration gas

concentrations within the required..5 percent accuracy.

In addition to weekly propane recovery checks wlyieihd >98% recovery, C&yecovery checks
are also performed. A calibrated mass of,@30njected into the primary dilution tunnel and is
measured downstream by the £2ZDalyzer. These tests also yield >98% recovery.réhelts of
each recovery check are all stored in an intern®IQ@ graph that allows for the immediate
identification of problems and/or sampling bias.
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EQUIPMENT

Table D-1. Summary of Routine Calibrations

FREQUENCY

VERIFICATION
PERFORMED

CALIBRATION
PERFORMED

Daily

Daily
Weekly

Monthly
Per Set-up

Second by secon

Differential Pressure
Absolute Pressure
Propane Injection

CQ Injection
CVS Leak Check

o +5 inH0

Back pressure tolerang

Electronic Cal

Electronic Cal

Cal system MFCs

Annual

Monthly

Primary Standard

Audit bottle check

Analyzers

Pre/Post Test
Daily
Monthly

Zero span drifts
Linearity Check

Zero Span

Secondary Systel
Integrity and MFC

n

Semi-Annual

Semi-Annual

Propane Injection: 6 po
primary vs. secondary
check

MFCs: Drycal Bios Meter ¢
TSI Mass Meter

Data Validation

Variable

Per test

vs. Bag Mass

Visual review

Integrated Modal Mass$

PM Sample Medii

Weekly
Monthly

Trip Tunnel Banks
Static and Dynamic
Blanks

Temperature

Daily

Psychrometer

Performed if verification
fails

Barometric
Pressure

Daily

Aneroid barometer
ATIS

Performed if verification
fails

Dewpoint Sensor

Daily

Psychrometer
Chilled mirror
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Appendix E — Additional Information on the Outliers
The 50 mph CARB HHDDT cycles showed emissions at distinct levels during the 300-400
second period of the cycle, as discussed in se2tibnA summary table showing the number of
tests exhibiting the low vs. the high level arewshaon Table E-1.

Table E-1. Breakdown of 50 mph Cruise Cycle TestsHigh” vs. “Low” Tests.

Low-level | High-level | Total
Tests Tests Tests
CARB 10 22 32
B5-soy 3 3 6
B20-soy 5 1 6
B20-animal 6 0 6
R20-renewable 6 0 6
B50-soy 4 2 6
B50-animal 5 1 6
R50-renewable 6 0 6
B100-soy 2 4 6
B100-animal 5 1 6
R100-renewable 6 0 6
Totals 58 34 92

The impact of this event on emissions over the dyitle was characterized for each of the
primary testing segments of the testing. The difiees in the high/low emissions are
summarized in Table E-2 for the CARB base fueltfiar different testing segments. The primary
impact in the regulated emissions was an increa$éd, emissions, which ranged from 4.0 to
7.4% over the different test periods. The resuks ahow that the fuel consumption and other
regulated emissions such as THC, CO, and PM tendetaeduced for the tests with the
corresponding higher NGmissions.

Table E-2. Impact of Outlier Events on Total Cru®dgle Emissions for Each Test Period

Testing Segment THC CO NO PM CO BSFC
Soy-based -1.4%  -6.8% 7.4% -6.2% -1.5% -1.5%
Animal-based -4.2%| -4.6% 5.4% -4.3% 24% -1.9%
Renewable-based -1.0% -2.4% 4.0% -1.5% -0/7% -0{7%

The percentages are the difference between all C&BREB with the high NQemissions and those with the low Némissions

The changes in engine operation can be seen giiadte various engine parameters. The fuel
consumption measurements show a reduction in fselower the 300-400 seconds segment for
the tests showing NQCat the high level. Figure E-1 shows various indeleat measures of the
fuel used, including the fuel rate from the dynareten the ECM and the G@missions, all
showing the differences in fuel use over the rai¢yperiod.
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